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FOREWORD

This is the final report on the Allison project entitled ''Advancement of Spur Gear
Design Technology." This project was conducted during the 13-month period from 29
June 1965 through 28 July 1966 for the U.S, Army Aviation Materiel Laboratories
(USAAVLABS) under contract DA 44-177-AMC-318(T).

USAAVLABS technical direction was provided by Mr, R, Givens., Mr. W. L. Mclntire
served as the Allison project engineer., The principal investigators at Allison were
Mr. R. C. Malott, Mr, F, G. Leland, Mr, K. V., Young, and Mr, W, W, Gunkel.
The project was reviewed periodically with Mr, R, L., Mattson of General Motors
Research for suggestions and comments,

Permission was obtained from the American Gear Manufacturers Association (AGMA)
to print AGMA 220, 02, Tentative AGMA Standard for Rating the Strength of Spur Gear
Teeth, in this final report.



SUMMARY

This report presents the results of an analytical and experimental program to derive

and

substantiate a bending strength design formula for spur gears, The program con-

sisted of:

The

Static single tooth fatigue testing of 16 gear designs in a design experiment to
determine the effect of four geometric variables—diametral pitch, pressure angle,
fillet size, and fillet configuration (full form ground or protuberant hobbed).
Evaluation of the ability of five current calculaiion methods—AGMA, Dolan-
Broghamer, Heywood, Kelley-Pedersen, and Lewis—to predict the relative rank-
ing of the 16 fatigue test gear endurance limits.

Statistical analyses of the fatigue test data to develop a predictive formula and
relative significance values of the four geometric variables and their two- and
three-factor interactions,

A strain gage and photostress experimental evaluation to measure stress on eight
of the fatigue test gears for comparison with calculated stresses and fatigue test
endurance limits,

R. R. Moore rotating beam fatigue tests of the gear material to establish basic
material strength for comparison with fatigue test endurance limits,

Measurement of the fatigue test gear crack location for comparison with location
of the weakest section as predicted by the Lewis and Dolan-Broghamer calculation
methods,

Metallurgical examination of five representative fatigue test gears to verify
material processing and mode of failure,

A dynamic test at high pitch line velocities—up to 26, 000 feet per minute—to
determine speed effect on gear tooth bending stress,

Development of a computer program to calculate gear tooth bending stress from
the basic gear geometry, thus eliminating the need for a gear tooth layout,

results of the program were as follows:

The AGMA method of calculating gear tooth bending stress predicted the greatest
number of correct rankings of the 16 fatigue test gear endurance limits, This
method also predicted the rank position with the least average error.

Comparison of endurance limits, based on applied load, calculated from the fatigue
test data for each of the 16 gear designs was made by statistical tests of signifi-
cance, Diametral pitch and pressure angle had a significant effect on gear tooth
bending fatigue strength, The AGMA formula successfully compensated for the

significant variables determined by the base-line applied load analyses,
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@ The strain gage stress values obtained tend to verify the AGMA calculated stresses,
The average strain rate measured on the fatigue test gears was within 2, 5 percent
of the strain rate calculated by the AGMA formula.

® The basic gear material endurance limit determined by the R, R, Moore rotating
beam test was 182, 000 p. s.i, when modified for single-direction bending, The
fatigue test gear average endnrance limit based on AGMA calculated stress was
182,000 p.s.i, It appears, therefore, that basic material strength can be very
closely related to AGMA calculated gear stress and endurance limit,

@ Fatigue test gear crack location was nearer the Dolan-Broghamer than the Lewis
predicted location, as expected.

® Metallurgical examinations verified good processing of the fatigue test gears and
fatigue as the mode of failure, Failures were initiated at random locations across
the face width of the gears, indicating minimal influence of surface finish, mater-
ial inclusions, corner edge break, and test rig alignment,

@ Steady hoop stresses were measured in the dynamic test at the weakest section,
The measured stresses were 70 percent of the calculated root diameter hoop
stress, The measured stress was 14,000 p,s.i, which is considered sufficient
to necessitate its inclusion in bending stress determinations for high-speed gears.

® The dynamic test also measured dynamic fluctuating gear tooth level stresses,
Stresses indicated a dynamic stress factor increasing with the square of the
rotational speed. The dynamic factor was 1,8 at 26, 000-feet-per-minute-pitch-line
velocity,

® The computer program developed accurately determined the root fillet configura-
tion by calculating the true radius or trochoidal fillet depending on the manufactur-
ing method and the tool (hob) dimensions. The Lewis weakest section is determined
by iteration, The gear tooth dimensions determined are used in the AGMA formula
to determine bending stress, A hoop stress at the root diameter 1s then calculated
to account for the effect of speed on gear tooth bending stress, The steady hoop
stress and the fluctuating bending stresses are then combined by means of a modi-
fied Goodman diagram to produce a combined stress and an expected failure life,
The modified Goodman diagram was based on the average S/N curve determined
by the fatigue test gears.

iv

——— - e e RO 5 . - o —



TABLE OF CONTENTS

SUMMARY . . v i it v vttt ot o o oo e o s oo onan o oo, il
FOREWORD...........;..................... v
LIST OF ILLUSTRATIONS . . . v v v o o o 0 o 0 o 0 s oo s oo o s o s o ix
LIS 'O TABEES S & o5 el e ia 2 ol Gl I Gt B Dok ke el BV
INTRODUCTION 4 v v v v v v o ot o o o o o o o o o o s ot o s v oo o ooos 1
ANALYSIS-OF PROBLEN | . s s « 56 @0 a0 » s e cloep 5 95 s 3

HISTORICAL REVIEW . . . . . . i v v ittt et v s o o o0 3
DESIGN OF EXPERIMENT . b e s e s e e e e e s s e 12
DESIGN OF FATIGUE TEST GEARS o o e e s e e e e 12
MANUFACTURE OF FATIGUE TEST GEARS e Lo [ oh e 15
TEST RIG DESIGN AND PROCEDURE ., ... ... ... ... 18

RESULTSgooocc..oanco.utu.noooo.ooc-.ooo.oo 43

FATIGUE TESTS . . s o o 56 o 5 6 ¢« o a3 06 6o a0 sh«3s 43
FAILED GEAR TOOTH CRACK MEASUREMENTS ., ... ... 61
METALLURGICAL INVESTIGATIONS . . . . . v ¢ ¢ ¢ v o o « & 62
R, R MOORETESTS . . . . ¢ v v o o v v v o v oo oo o oo 81
EXPERIMENTAL INVESTIGATIONS ., . ... . e s e e e e e 81
DYNANIE TESTS S . 5le o 2 o i/5 8% 5 666 EE &6 &6 o 83

DISCUSSION OF RESULTS . . . 4 s ¢ 6o 4 s o o o o 0 o o0 s 0 o o o o o s 85

EVALUATION PROCEDURE . . . . ¢ ¢« v o v ¢ vt v o0 o o oo 95
PREDICTIVE ABILITY OF CALCULATION METHODS . . ., .. 95
STRAINGAGEDATA . . . . . . . v v v v oo 96
PHOTOSTRESS DATA . . . ¢ o v o ¢ e v e v o v oo oo v o 107
EFFECT OF GEOMETRIC VARIABLES OF

GEAR FATIGUE TEST . . ... ..o v e v v oo 107
BASIC MATERIALSTRENGTH ... .. ... ...+ ¢... 115
DEVELOPMENT OF DESIGN VALUE . ...... ... ... . 118
LITERATURE COMPARISON. . . . . ¢ v v v v v o v v s s s o 122
EVALUATION OF DYNAMIC EFFECTS . . . . . v ¢ ¢« « « . . 127
ESTABLISHMENT OF COMPUTER PROGRAM R i)

CONCLUSIONS S ° 8 e 8 & 6 8 8 ¢ e 8 6 ° s s e 8 ¢ s e & & ¥ & s 0 8 e s 0 139
BIBLImRAPHY L] . L] . . . . . L] . ] L L L] . L] L] L] L] . ] L] . L ] . . L] L] L] . . L] 141

DISTRIBUTION.looollo-voloooonoooounooooo.onn 145

vii




APPENDIXES

L
II,

1188

IV,

V.

VI.

Fatigue Test Gear Drawings . .

Sample Process Routing Sheets

Mathematical Description of Statistical Treatment of

TeStData e & 5 0o o o 9 o o

AGMA Calculated Stress Versus
Transformed Life ., . . . .

Life and

Description of Computer Program . . . . .. s » « &

AGMA Standard 220,02, ... .

viii

Page

147

185

205

215

225

259




Figure

OV W) e

[=-IC B =)

©

11
12
13
14
i5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

41
42

LIST OF ILLUSTRATIONS

Gear Tooth Static Load Analysis. . . . . « . ¢ ¢ ¢ o ¢ ¢ o s o s s &

Relative Gear Tooth Bending Stress . . . . . . .« . ¢ ¢ ¢« v v 4
Lewis Construction and Gear Tooth Bending Stress Formula. . .
Heywood Construction and Gear Tooth Bending Stress Formula .,
Kelley-Pedersen Construction and Gear Tooth Bending Stress

Formula . ... ........
TypxcalFatlgueTestGears....
Principle of Operation of Fatigue TestRig . . . . . .. . ... ...
Fatigue Test Rig Schematic . . . .. d o o Ryt BRI
Fatigue Test Setup . . . . . . s B e - % @B .o 352 a.z
L.oad Cell Showing Instrumentatlon e s i s e s s e e e e e e e s
Assembled Load Cell, . . . . . ... ... ...
Instrumented Fatigue TestRig. . . . . . . . . . . ¢« o v oo v oo v

Typical Dimensions of 6-Pitch Gear Test Setup AN.EFE SR DS
Typical Dimensions of 12-Pitch Gear Test Setup . . .. .. ...
Schematic of Check-Out Gear Instrumentation. . . . . . . . .. .
Test System Resonant Frequency ... ... . .
Dynamic Strair Gage Signal Showing Tooth- to-Load Txp Contact

Load Cell Test Setup . + v v« + o v ¢ o ¢ ¢ v o s o o o 0 s o o0 AR
Close-upof Load Cell Test Setup . . . « . v ¢« ¢ ¢ ¢ ¢ s o ¢ o o s
Typical Load Cell Calibration Curve. . . . . . . . ... .. ...
Test Gear Showing Teeth Removed. . . . . . . . . ¢« v v oo o4
Typical Strip Chart Recording of Test Gear Dynamic Load. . . .
Fatigue Test Results—EX-78772. . . . . MG b ABIE o b sl @
Fatigue Test Results—EX-T78773. . . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o ¢ s o s
Fatigue Test Results—EX-78774. . . . . s s e e s s s e s e s e

Fatigue Test ResultS—EX-T8T75. . + v ¢« ¢« ¢ o o & ¢ ¢ o o s o s »
Fatigue Test ResultS—EX-T8776. . « v ¢« « ¢ ¢ ¢« o s ¢ s o s « s &
Fatigue Test Results—EX-T87T77. . . . . ¢« ¢ ¢ ¢« ¢ + ¢ o ¢ ¢ o s
Fatigue Test Results—EX-78778. . . . . . . « ¢ ¢ v ¢ v v v v o
Fatigue Test Results—EX-T78779. . . . . ¢ ¢ ¢« ¢+ ¢ ¢ s s 0 o s o

Fatigue TeSt ReSUlts— Ex-787801 e 8 o & 2 o » & ® 6 8 s & o 6 s o
Fatigue Test Resu1t8— EX'78781. ¢ & ¢ & 8 e & @ o © & ° e @ o s @
Fatigue Test Results— Ex-78782. ¢ s e 8 8 o & 2 @ ® s e+ s & o ¢ =

Fatiglle TeSt ReSUlts—EX'78783. s o o & 8 ° o s ® ° & 8 o o o s @

Fatigue Test ReSUIts—EX'78784. ® ¢ o e o 6 e & e 4 s 0 0 o o 0 &

Fatigue Test Results—EX-T8785. . . . .+ ¢« ¢« + ¢« ¢ ¢« ¢ ¢ o o s &

Fatigl]e Test ReSUIts—EX'78786 ¢ ¢+ & o o o 6 ° 8 ® & 0 8 o o 8 e ¢

Fatigue Test Results—EX-T8787. . . .« ¢ « ¢ ¢ o ¢ ¢ o ¢ o o ¢ o

Location of Fracture Compared With Calculated Location of Weakest

Section From Gear QOutside Diameter (Diametral Pitch = 6)

Location of Fracture Compared With Calculated Location of Weakest
Section From Gear Outside Diameter (Diametral Pitch = 12) . .

Typical Tooth Profile Trace—EX-78772 . . . . . . . . . . ..

Typical Tooth Profile Trace—EX-78776 . . . . . « ¢« ¢ ¢ ¢« « ¢« &

Page

O DN

29
31
33
34
34
35
36
36
37
37
38
39
39
40
40
41
44
44
44
44
45
45
45
45
46
46
46
46
47
47
47
47

63

63

64



Figure

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Fractographs of Surface of Failure of Gear Tooth Number
Showing Failure Contour Typical of Fatigue . . . . .

1

Fractographs of Surface of Failure of Gear Tooth Number 2

Showing Failure Contour Typical of Fatigue . . . . .
Fractographs of Surface of Failure of Gear Tooth Number
Showing Failure Topography Typical of Fatigue . . .

3

Fractographs of Surface of Failure of Gear Tooth Number 4

Showing Failure Topography Typical of Fatigve . . .
Photomicrograph of Transverse Section Through Failure
Surfece of Failed Tooth Showing Straight-Line
Failure Typical of Fatigue Originating in the
Carburized Case Hardened Root Radius . ... ...
Photomicrograph of Transverse Section Through Failure
Surface of Failed Tooth Showing Straight-Line
Failure Surface Typical of Fatigue Originating inthe

Case Hardened Roc: Radius , . . . . v v ¢ ¢ ¢ v ¢ o o &

Photomicrograph of Transverse Section Through Failure
Surface of Failed Tooth Showing Straight-Line
Failure Surface Typical of Fatigue Originating in

Carburized Case in the Root Radius ., . . .. . « + « .

Photomicrograph of Transverse Section Through Failure
Surface of Failed Tooth Showing Straight-Line
Failure Surface Typical of Fatigue Originating in the

Case Hardened Root Radius . . . . . .. o Mo ok o o c
Photomicrograph of Transverse Section Through Failed Tooth
Showing Straight-Line Failure Typical of Fatigue Through

a Carhurized Case on Martensitic Microstructure , .
Photomicrograph of Transverse Section Through Failure

Surface of Failed Tooth Showing a Straight-Line Failure Surface
Typical of Fatigue Through Case Hardened Microstructure . . .
Photomicrograph of Transverse Section Through Test Gear

Showing Typical Core Structure of Tempered Martensite ,
Photograph of Section Through Test Gear Showing Case Depth

Around Root Fillet Contour ., , , , . R

Photograph of Section Through Test Gear Showing Casc Depth

Around Root Fillet Contour ., . , ... 5 THolic 5 bl c
Photograph of Section Through Test Gear Showmg Case Depth

Around Root Fillet Contour , . « v v v v v v v v o v v o o o o o s
Photograph of Section Through Test Gear Showing Carburized

Case Depth Around Root Fillet Contour., ., .. ., .. 4 ¢+ s «
Photograph of Section Through Test Gear Showing Carburized

Case Depth Around Root Fillet Contour , ... ... ... ...

Photograph of Section Through Test Gear Showing Carburized
Case Depth Around Root Fillet Contour, ., ., . ... ...
Blacklight Photograph of Test Gear Showing Cracks Indicated

by Fluorescent Penetrant Inspection in Root Radii of
Tested Teeth . . ¢« ¢ 40 ¢ 0 v o ¢ ot v ol v ool

by Fluorescent Penetrant Inspection in Root Radii of

Blacklight Photograph of Test Gear Showmg Cracks Indicated

Failed Teeth . . . . ¢ ¢ v v ¢« v b v v e o o o v o o o s o

Page

66
66
67

67

68

68

69

69

70

70
71
71
72
72
73
73

74

74

75



Figure Page

62 Blacklight Photograph of Test Gear Showing Cracks Indicated
by Fluorescent Penetrant Inspection in Center Root Radius
Adjacent to Failed Tooth , . . . v v v v v v 0 o v e s s 0o v seo 19
63 Blacklight Photograph of Test Gear Showing Cracks Indicated

by Fluorescent Penetrant Inspection in Root Radii of
FailedeReeth | o S oo s s 6l o b Sk 5 lea L i Bladaeiaah (6

64 Blacklight Photograph of Test Gear Showing Radial Crack

and Failed Teeth . .. ... .. ... W R % el e akl s 6
65 Blacklight Photograph of Test Gear ghowmg Cracks Indicated

by Fluorescent Penetrant Inspection in Root Radii of

Teeth i1, 2,083, and 4l o ioie ok 5 S0kls B Sk ol SRl e el AT
66 Photomicrograph of Surface of Failure of Tooth From

TesStGear . o v v o v o v o s o st o 0 s s o o s s oo s oo 17
67 Photomicrograph of Surface of Failure of Failed Tooth From

Test Gear Showing Flat Failure in Root Radii of Teeth ., ... . 178
68 Photomicrograph of Surface of "ailure of Tooth From

TesSt GEAr . v v v o o o s o o s s 5 s s 5 6 s s s s s e s s s 00 18
69 Photomicrograph of Surface of Failure of Tooth 1 of Test

Gear Showing Multiple Origins of Failure in Root of Loaded '
Involute—No Typical Arrest Lines of Fatigue Progression . . . 79

70 Photomicrograph of Surface of Failure of Tooth 3 of Test

Gear Showing Multiple Origins of Failure and INo Distinct

Arrest Lines Typical of Fatigue Progression ., ., . . .. ... . 179
71 Photomicrograph of Radial Surface of Failure of Test

Gear Showing Marks of Fatigue Progression From Below
the Root to the HUb L ] L] . L] . * » L] . L L] . ] L] L] 19 . L] . L) L) L] . * 80

72 Schematic of Instrumentation on Photostress Gear . . . . .+ ... . 83
73 Gear Tooth Showing Photostress Pattern at 4000-Pound Load .., . . 84
74 Schematic of Strain Gage Instrumentation for 4-Inch-Pitch-

Diafheter GEAT & & & o - blo o/ b bw sl b4 o o sm 80 o« owla 86
75 Calibration Curve for Gear Test Rig—20-Degree Pressure

Angler &, & 4 o o % . e B s 0B o s B s s % Gl e e s e s e s . 86
76 Calibration Curve for Gear Test Rig—25-Degree Pressure

Anglel S % g e s B shs sl s et o B s s m e s AR el .. w O
77 Gear Tooth Bending Stress Schematic, . . . . . . .. ¢ ¢ . +v.+.. . 88
78 Diagram Showing Effect of Speed on Gear Tooth Stresses ., ., ... . 88
79 Dynamic Test Gear Strain Gage Instrumentation ., . . ... ... .. 89
80 Schematic of T56 Propeller Brake Gear Train . . . . .. .. ... . 90
81 T56 Gearbox Used for Dynamic Gear Test . ., . . . « v v v s oo+ . 91
82 Dynamic Test Gear and Driving Gear Geometry and

Tolerances . . o o o ¢ v o o v 0 0 o s 0 s 0 0o 0 s o 0 s s oo 92
83 Effect of Speed on Gear Tooth at No-Load Condition . . . .. ... . 93
84 Effect of Speed on Loaded Gear Tooth, . . . . . . . . . ¢« ... . 93
85 Calculated Stress for Gear Tooth Load . . . . . v v ¢ ¢ v ¢ s s o+ . 99
86 Comparison of Methods for Calculating Gear Stress ., . . . . ... . 100
87 Comparison of Calculated and Measured Stresses . . .+ « « ¢« + . o 107
88 Significant Two-Factor Interactions . ., « . + v ¢« v v ¢ o ¢ o o ¢ o+ « 111
89 R. R, Moore Fatigue Test Data . . . + ¢« v v ¢ ¢ ¢« ¢« ¢ o ¢ o o s 44 o 116
90 Modified Goodman Diagram . . . v v v o ¢ o o o ¢ « o & S SR RULT
91 AGMA Stress Fatigue Test Data (Diametral Pitch = 12 thch

Diameter = 2 Inches; Pressure Angle = 20 Degrees) . . . . . . . 119

xi




Figure

92
93
94

95
96
97

98

99
100
101

102
103
104

105
106
167

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132

AGMA Stress Fatigu:: Test Data (Diametral Pitch = 12; Pitch

Diameter = 2 Inches; Pressure Angle = 25 Degrees) . . . . .. . 119
AGMA Stress Fatigue Test Data (Diametral Pitch = 6; Pitch

Diameter = 4 Inches; Pressure Angle = 20 Degrees) . . . .. .. 120
AGMA Stress Fatigue Test Data (Diametral Pitch = 6; Pitch

Diameter = 4 Inches; Pressure Angle = 25 Degrees) . . . . . . . 120
S/N Diagram for Protuberant Fillet . . . . . . . . . ¢ ¢ ¢ v v o ... 121
S/N Diagram for Full Form Ground Fillet . . . ... ... ... . 121
Average Fatigue Endurance Strengths Compared with R. R. Moore

Data . . ... ... ORGSO 122
Methods of Calculating Stress for Endurance Strength Based on

Fatigue Test Gears Compared With R, R, Moore Endurance

Strength! ool il el e el e ol R el Ko (6 o sl st el el o) pel el R = el ge . 123
Distribution of Endurance Limits . ., . ... ... .. ol W s oe e . 125
AGMA Average S/INCurveand DesignValue . . . ... ... .... 126
Comparison of Test Data With ASME Paper 63-WA-199

(Reference 54) . . . . ... . ... .. N R R 127
Comparison of Test Data With ASME Paper: 63- WA 199

(Refer:nce 54) . R = B A §
Comparison of Test Data W1th ASME Paper 63-WA-199

(Reference 54) , . 5 o v s o g v B s 9o 5 9 fs @ 6% « &5 ... 128
Comparison of Test Data With ASME Paper 63 WA-199

(Reference 54) . R 129
Comparison of Test Data W1th AGMA Standard 411, 02 Design Limits 129
Comparison of Calculated and Measured Gear Stresses .. . . . . .. 130
Modified Goodman Diagram Combining Centrifugal and Bending

SLTEHSEE! Bl ol e Bl shislie & Le i ol oia B [sila oial el ok B il e Lol Bile - 132
Graph Showing Peak Dynamic Stresses During Testing . . . . . . .. 133
Dynamic Stress Factor as a Function of Pitch Line Velocity . . . . . 134
Comparison of Dynamic Stress Factors . . . . . . .. ...« . ... 134
Fatigue Test Gear Configuration 1—EX-78772 . . ... ... .. .. 149
Fatigue Test Gear Configuration 2—EX-78773 . ... . .. < AN T Lol
Fatigue Test Gear Configuration 3—EX-78774 ., . . .. ... ... . 153
Fatigue Test Gear Configurstion 4—EX-78775 . ., ... .. « « + .. 155
Fatigue Test Gear Configuration 5—EX-78776 . . ... ... . ... 157
Fatigue Test Gear Configuration 6—EX-78777 . . .. .. ... ... 159
Fatigue Test Gear Configuration 7T—EX-78778 . . .. ... . . .. . 161
Fatigue Test Gear Configuration 8—EX-78779 , . . .. . 5 olo Bl Tc 163
Fatigue Test Gear Configuration 9—EX-78780 . .., ... .. ... . 165
Fatigue Test Gear Configuration 10—EX-78781., . ... ... .. .. 167
Fatigue Test Gear Configuration 11—EX-78782, . ... .. . e« .. 169
Fatigue Test Gear Configuration 12—EX-78783. . . ... ... ... 171
Fatigue Test Gear Configuration 13—EX-78784. . ... ... . ... 173
Fatigue Test Gear Configuration 14—EX-78785., . . ... ... ... 175
Fatigue Test Gear Configuration 15—EX-78786. . . . . . ... ... 177
Fatigue Test Gear Configuration 16—EX-78787, . .. .., . . el a8 LT
Main Accessory Drive Spur Gear (6829396) . . . . ... ... .... 181
Propeller Brake Outer Member (6829395) . S I R | -
Typical Routing Sheet for Full Forrm Ground F1llet Gear

EX 8T 2 e e . " .« .. 186
Typical Routing Sheet for Protuberant Hobbed Gear, EX 78776 ... 195
Results of R. R. Moore Tests on Notched 4340 Steel , . . .. .. .. 206
Transformed Gear Tooth Fatigue Data—Britis: Steel EN 39A . ., , ., 207

xii
_ ~ — wssae—



Figc_Jre

133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

167

R. R. Moore Rotating Bending TestData . . . . . ... ...
Gear Tooth Fatigue Data—British Steel EN 39A, . ... ..

Fatigue Test Results— AGMA Stress Versus Life (EX-78772)
Fatigue Test Results—AGMA Stress Versus Life (EX-78773)
Fatigue Test Results—AGMA Stress Versus Life (EX-78774)
Fatigue Test Results— AGMA Stress Versus Life (EX-78775)
Fatigue Test Results— AGMA Stress Versus Life (EX-78776)
Fatigue Test Results— AGMA Stress Versus Life (EX-78777)
Fatigue Test Results—AGMA Stress Versus Life (EX-78778)
Fatigue Test Results—AGMA Stress Versus Life (EX-78779)
Fatigue Test Results—AGMA Stress Versus Life (EX-78780)
Fatigue Test Results— AGMA Stress Versus Life (EX-78781)
Fatigue Test Results— AGMA Stress Versus Life (EX-78782)
Fatigue Test Results—AGMA Stress Versus Life (EX-78783)
Fatigue Test Results—AGMA Strecs Versus Life (EX-78784)
Fatigue Test Results—AGMA Stress Versus Life (EX-78785)
Fatigue Test Results—AGMA Stress Versus Life (EX-78786)

Fatigue Test Results—AGMA Stress Versus Life (EX-78787) .
Fatigue Test Results—AGMA Stress Versus Transformed Life
(EX-787172).
Fatigue Test Results—AGMA Stress Versus Transformed Life
(BRETETUI) . e e o e Bl @ B 1 e B i 4 e e eln e e d el g
Fatigue Test Results—AGMA Stress Versus Transformed Life
(EX-78774). . . . . . .. .
Fatigue Test Results—AGMA Stress Ver sus Transformed Life
(EX-T8775). « o« o5 ¢ 6+ v5 o s
Fatigue Test Results—AGMA Stress Versus Transformed Life
(EX-T78TT6) . © v v ¢ ¢ v v v 0o 0 0 o o
Fatigue Test Results—AGMA Stress Versus Transformed Life
(EX-T8TTT). « v v v e v vt v v v e o
Fatigue Test Results—AGMA Stress Versus Transformed Life

(EX-T87T8): v ¢ v ¢ ¢« ¢ ¢ v o =« N T S

Fatijue Test Results—~ AGMA Stress Versus Transformed Llfr ‘

(EX78779) T R S P

Fatigue Test Results— AGMA Stress Versus Transformed Llfe
(EX-1781780). S N BN SNCRE B CNENS E B B E o ld Bl
Fatigue Test Results—AGMA Stress Versus Transformed Life

(BEX=TBABLY. o ¢ o v onor o o w6 o i & 5 o 8

Fatigue Test Results—AGMA Stress Versus Transformed Life
(EX-78782) . 5 G OIog - 100 g0 AR @00 00%s

Fatigue Test Results—AGMA Stress Versus Transformed Life
GERCT BTN Bk N 8 a0 8 S S RE L RN B e sael e

Fatigue Test Results—AGMA Stress Versus Transformed Life

(EX-78784). . . . ... T

Fatigue Test Results—AGMA Stress Versus Transformed Life
(Ex 78785) . L L) . L] ¢ o e o 8 @ [ ] . L] . L] L] . . L] . . L] L]
Fatigue Test Results— AGMA Stress Versus Transformed Life

(EX-TBTBEY & 1. o & o s oo e aleol o onome gl ot an B ol d

Fatigue Test Results—AGMA Stress Versus Transformed L1fe

(EX-78787). . . . . . . .
Fatigue Test Gear Life Data (R R Moore) 50 0 oo 1]

xiii

Page

208
209
216
216
216
216
217
217
217
217
218
218
218
218
219
219
219
219

220

220
220
220
221
221
221
221
222
222
222
222
223
223

223

223
224



Figure Page

168 Fatigue Test Gear Transformed Life Data (R, R, Moore) . ... .. 224
169 Sample Input Data Form . . .. ... B I E T 227
170 Standard or Protuberance Hob Form for Input N OE & el o228
171 Arc and Chordal Tooth Thickness . . . . A P D B C
172 Standard or Protuberance Hob Form for Calculatlon ..... e .. 234
173 Tooth Generationby Hob . . . . . ... ... ... ... c e e . 234
174 Fillet Generation by Hob . . . . . T S 37354 285
175 Generated Tooth Fillet . . . . . ... ... AR e . e 1286
176 Trochoidal Fillet Inscribed Lewis Parabola. . . . . . . . . ... .. 236
177 Radius of Curvature at Weakest Section. . . . . . . « . . o 5 om0 O C 237
178 Diameter of Weakest Section and Lewis X Value . . . . . .. .. 238
179 Coordinates at Center of True Fillet Radius— Base Circle Below

Root DISMEer . . & & o o ol b v oo & o s o u b dlsomads . 230
180 Coordinates at Center of True Fillet Radius—Base Circle Above

RootDiameter . . . . . ¢ v v v v v ¢ ¢ v o o s N 239
181 True Fillet Radius Inscribed Lewis Parabola ., . . . . . . . . .. 241
182 Modified Goodman Diagram Combining Centrifugal and Bendmg

Stresses . . ... .. 5 E ol g 5%5 o B4 o L ®Ao B o dlo o B o 243
183 Fatigue Test Gear Endurance Streng‘th for Computer Program. . . . 244

xiv




f Table

I
Iv

. VII
VIII
IX

XI
XII
X1
XIV
XV

XVI
XVII
XVl

XXI
XX1I
XXII
XXI1V

XXV
XXVI

LIST OF TABLES

Comparison of Gear Tooth Bending Stresses Calculated

by Various Methods . . . . .. .. ... .......

Dolan-Broghamer Gear Tooth Bending Stress Formula
AGMA Gear Tooth Bending Stress Formula . .. ...

Fatigue Test Gear Dimensions , . . . . SEPE ., AR:ERA.

Raw Material Record ., .. ... ... .. Ak AER <R
Tabulation of Protuberant Fillet Gear Measurement ., ,
Analysis of Protuberant Fillet Gear Measurements

Tabulation of Ground Fillet Gear Measurements . ., . .

Analysis of Ground Fillet Gear Measurements , . ... .
Hob Dimensions . . . ... .. .. ..
Gear Teeth Fatigue TestData . . . . ... . .. g.Ep.
Record of Hardness Gradient Tests of Test Gears . . .
Specimen Process Routing Procedure . . . . . . .. ...
R. R. Moore Test Results ., . . . . . .. ¢ ¢ v o v
Ranked Endurance Limits for Various Stress Calculation
Methods' . & acras o' 6 b BB s 6B 816 6 0Bl bbb
Gear Configuration Ranking Comparison . . . . . e B 3

Fatigue Test Gear Measured Dimensions . . . . . . . + .

Measured Stress of Fatigue Test Gears Compared With

Calculated StreS88 « v v w o 55 o5 o3 o5 @ w0 = o
Effect of Diametral Pitch on Gear Fatigue Data . .. ..
Effect of Pressure Angle on Gear Fatigue Data ... ...
Analysis of Geometric Variables and Interactions . . . .
Endurance ..imits Based on Basic Gear Tooth Loading . .
Endurance Limits Based on AGMA Calculated Stress ., .

Endurance Limits Based on Kelley-Pedersen Calculated

St!‘ess.o--.--..---.......--o--

Comparison of Fatigue Test Data . . . .. . . ... .. ..

Comparison of Stress Concentration Factors . . ... .

Xv

Page

10
10
13
16
19
21
23
25
27
49
80
81
82

97
101
102

125
108
108
110
112
113

114
131
136



o o o g e

BLANK PAGE




INTRODUCTION

The purpose of the project was to conduct an analytical and experimental investigation
to derive factors and formulae which can be used to appraise accurately spur gear tooth
bending strength for aircraft applications.

The objective of the project was twofold—to substantiate an accurate spur gear bending
strength formula and to provide an IBM 7090 computer program using the substantiated
formula. Correlation of a basic material strength with this formula was desired.

There are four common modes of gear failure —tooth breakage, surface pitting, scoring,
and wear. T<coth breakage is the most severe and often causes considerable secondary
damage and sumetimes catastrophic failure of an entire gear unit, It may be caused
accidentally, such as when a foreign object pasces through a tooth mesh, or it may be
caused by the repetitive high bendirg stresses near the root of the tooth when under load.

Many factors affecting the bending fatigue strength of gear teeth are not treated with
precision in current spur gear design formulae, This is because the magnitude and in-
terrelationships of the various factors have not been accurately assessed. Gear tooth
bending strength is a function of geometric variables such as pressure angle, diametral
pitch, tooth width, root fillet form, and root fillet radius. It is also influenced by manu-
facturing variables such as surface finish, residual stress, material, and processing
technique, Operating variables such as speed, alignment, dynamic loading, and vibra-
tion affect the fatigue life, A thorough analysis of these variables will permit more ac-
curate assessment of gear life expectancy.

Considerable research has been accomplished in analyzing gear tooth bending strength;
however, there is wide variation in the type of analysis, test data, and field experience,
In many instances extensive extrapolation has been required to apply these data to car-
burized gears designed to current standard geometric proportions. The program de-
scribed herein was conducted in an effort to establish correlation between analytical
methods and actual test results for lightweight aircraft gearing.

Current methods of calculating gear tooth bending stress are based on analytical studies
and photoelastic tests. These methods produce calculated stresses which are appreci-
ably lower than measured gear stresses and basic material strengths. Thus the calcu-
lations are most often used to compare similar designs. An "ideal' gear tooth bending
strength formula would relate the operating gear tooth stress to the basic material
strength in such a way as to produce a gear life whick has been substantiated by fatigue
test. It was therefore the intent of the subject program to provide a more accurate
bending stress formula by also relating calculated stress and fatigue test results to the
basic material strength, R. R. Moore tests of carburized specimens were used to pro-
vide a basic material strength.

To accomplish the program, the following analytical and experimental analyses were
conducted,

@ Design Analysis —An analytical review was made of current spur gear tooth bend-
ing strength formulae.” Each formula was analyzed and compared to determine the
effects of design variables.

® Experimental Evaluation—A photostress analysis was conducted to evaluate the
location and distribution of the maximum stress on actual fatigue test gears. Strain
gage stress measurements were obtained for correlation with stress calculations.



® Gear Tooth Fatigue Tests —A single tooth fatigue test was conducted to investigate
the effect of diametral pitch, pressure angle, root filiet size, and root fillet con-
figuration on fatigue life, Eighty gears were manufactured. Extreme care was
taken to reduce all possible manufacturing variances which might affect fatigue life.
Metallurgical investigations of the fatigue failures were also made to ensure that
the basic material was sound and was properly heat treated. Four teeth on each
gear were available for fatigue testing.

® R. R. Moore Tests —R. R. Moore tests were conducted using the same heat of
material used for the test gears, The data obtained were used for comparison with
the bending endurance strengths from the gear fatigue tests,

® Dynamic Tests—An existing accessory gear in an Allison 501-D13 gearbox was in-
strumented with strain gages. The gear was operated at high speed (pitch line
velocity of 27, 000 feet/minute) at load and no-load conditions to investigate the ef-
fect of speed on bending stress., The data obtained were reduced to determine the
effect of centrifugal and dynamic loads on bending stress.

® Final Computer Program—Data from the previously mentioned items were formu-
lated into an IBM 7090 computer program for spur gear bending strength,



ANALYSIS OF PROBLEM

HISTORICAL REVIEW

A review of gear tooth bending strength theory was made. The results of this review
are discussed in the following paragraphs.

In 1887, Mr. A. B, Couch in an American Society of Mechanical Engineers (ASME)
meeting was asked for a rule to determine safe gear loads (reference 62). He express-
ed surprise and replied that "the rules furnished (available) are in number bountiful
and in variety nearly infinite." He reported that a fellow ASME member had compiled
a list of 30 to 40 such rules, In these different rules, safe load varied directly as the
square and in a few instances even as the cube of circular pitch., Face width was the
only other widely considered factor, The same discussion group expressed an aware-
ness of dynamic loads when they commented, ''The cog gearing of power levers used in
threshing, owing to the irregular draft of horses, is subjected to heavier strains, "

In 1892, Mr. Wilfred Lewis presented a paper which related gear tooth bending strength
to tooth geometry. The formula derived in this paper is the basis for most bending
stress calculation methods used today. Publication of the Lewis formula did not result
in its immediate unanimous adoption. However, it did accelerate further analytical and
experimental investigations. Charts and computer programs based on the Lewis for-
mula were developed to expedite gear designs (references 27 and 44). A cantilever
beam bending formula for a rectangular section was used to calculate bending stress
from 100-times size gear tooth layouts at surcessive sections 0. 100-inch apart to de-
termine the minimum load section for an arpbitrary constant stress (reference 31). This
work served to verify the principles of the Lewis formula, The improved accuracy re-
quired and the higher peripheral speeds of gears necessitated three basic changes to the
Lewis formula which have been accepted by general usage —the addition of the Dolan-
Broghamer stress concentration factor, the addition of a compressive stress term, and
consideration of tooth loading at the high point of single tooth contact or at the pitch di-
ameter rather than at the tip.

The Dolan-Broghamer stress concentration formula is based on photoelastic stress work
accomplished at the University of Illinois Engineering Experiment Station in 1942 (re-
ference 16). Their formula is included in the current AGMA Standard 220:02 which is
included in this report as Appendix VI, This formula is in:luded in many stress and en-
gineering handbooks as a modified LLewis formula or as a part of the AGMA standard.

Other investigators have obtained photoelastic stress results in close agreement with
those of Dolan and Broghamer (references 1 and 10). Prior to the Dolan-Broghamer
formula, the stress concentration factors included only a limited number of geometric
variables and thus were not as universally applicable (reference 58).

The existence of stresses other than bending stresses in the critical root area of a gear
tooth was recognized at an early date. Calculation and vectorial addition of shear stress,
from the tangential (circumferential) component of the tooth load, were accomplished

and published in 1897 (reference 31). Several current tooth strength formulae include
shear stress; the AGMA standard does not. See Appendix VI, For a given tooth load,
shear stress would be greate. . a pressure angle gear of 14.5 degrees than for a
similar one of 25 degrees,



Compressive stress from the tooth load radial component has been accepted for sum-
mation with the gear tooth bending stress. The AGMA standard (Appendix VI) includes
a compressive stress term, More recently, an additional compressive stress at the
tensile root fillet has been expressed. This additionai stress is due to the moment
about the gear tooth radial center line from the radial component of the tooth load. An
unsymmetrical stress distribution across the weakest section results, which tends to
relieve the bending stresses in both the tensile (load side) and compressive (unloaded
side) root fillet areas. The gear tooth load components are shown in Figure 1. These
static stresses are present in the photoelastic models used to determine stress con-
centration factors, Thus, their effect is included in the stress concentration factor if
the calculated stress used as a basis does not include any such component load stress.

W —normal applied load

Wt —tangential component of W

Wr—radial component of W

Wc—compressive load at weakest section from Wy
Ws—shear load at weakest section from W;

M —bending moment at weakest section from Wy
M,—bending moment at weakest section from Wy

Figure 1. Gear Tooth Static Load Analysis,
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Tip loading, a3 used in the original Lewis formula, was often changea to pitch line load-
ing to account for load sharing at the tip. It was only recently that the exact point of
maximum loading for spur gears was recognized (reference 61). This latest refine-
ment permitted more accurate assessment of safety and/or dynamic factors,

Speed effect curves were developed from experimental data on cast iron gears which
had been operated under increasing load until tooth breakage occurred (reference 42).
The shape of the curves was similar to the curves currently in the AGMA standard
(speed effect becomes constant at higher speeds). The same curve shape can also be
observed in current gear scoring versus speed work curves (reference 8).

A review of the Engineering Index volumes for 1950 through 1965 reveals approximately
1255 abstracts on gears. Ten percent of these involve gear tooth bending strength cal-
culation, fatigue testing, or dynamic factors. Almost 20 percent are from foreign
sources, mostly German. The yearly output of such articles is nearly constant over
this time period.

Several gear tooth strength formulas are of current interest. Five have been investi-
gated and applied to the 16 fatigue test gear configurations —Lewis, Dolan-Broghamer,
Heywood, Kelley-Pedersen, and AGMA, A full ground root fillet radius was assumed
for all gears in this study. The stresses for each configuration are listed in Table I,
The average, range, and variation in stress for each method relative to the Lewis stiess
are shown in Figure 2. The Kelley-Pedersen method produced a high average stress
and by far the greatest range of stress (75 percent of the average Lewis stress). The
average stress of the 16 gears as computed by the five formulas varied from 150 to 187
percent of the average Lewis stress, The AGMA method produced the smallest aver -
age stress and the smallest range (20 percent of the average Lewis stresg). In con-
trast, the Lewis stresses calculated for the 16 test gear configurations loaded to 1000
pounds per inch of face width varied by over 400 percent. All five formulas identify
the same configurations as having the highest and the lowest stresses (boxed nurnbers
in Table I). The highest stresses are most often calculated by the Heywood method,
while the lowest stresses in all cases were determined by the Lewis formula, which
does not consider stress concentration.

The geometric construction and formula for each of the five gear tooth strength calcu-
lation methods are shown in Figures 3, 4, and 5 and in Tables II and III, The Dolan-
Broghamer and AGMA methods use Lewis gecmetric construction (Figure 3) and thus
are similar to each other., A detailed discussion of the Dolan-Broghamer and AGMA
methods and factors is given in the section titled Discussion of Results.

The Heywood and Kelley-FPedersen construction methods (Figures 4 and 5, respectively)
incorporate features which generally lower the position of the weakest section, The
Heywood construction method contains several arbitrary features which are not suitable
for use with all gear design systems, Variations such as nonstandard addendums and
dedendums, which are often used in aircraft designs to balance bending strength or
sliding velocity, are examples.

The Kelley-Pedersen method constructs the Lewis parabola, then rotates the tangent
line around the root fillet through a "stress shift" angle. Both the Kelley-Pedersen
and Heywood methods contain stress concentration factor terms.
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Figure 2. Relative Gear Tooth Bending Stress.

W - tangential component of load applied at vertex of inscribed parabola
F = face width of tooth

Sp = maximum bending stress

height of equivalent constant stress parabolic beam

=g
-

thickness of beam at weakest section

-
-

p = circular pitch

Figure 3. Lewis Construction and Gear Tooth Bending Stress Formula.
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TABLE I
COMPARISON OF GEAR TOOTH BENDING STRESSES
CALCULATED BY VARIOUS METHODS

—_ — — —— —  — ——————— — ———  ——————————

Gear Configuration Gear .Tooth Str«
Unit
Pressure Angle Load
Gear Pitch (deg) Radius (in.) (1b) Lewis Dolan-Broghamer Dolan-Broghamer A’
1 6 20 0. 050 6,000 12,692 22,682 179 xx 2.
3 6 20 0. 080 6,000 11,020 19, 382 176 1y
5 6 20 0.050% 6,000 17,572 28, 385 162 o
7 6 20 0.080%* 6,000 14,023 22,796 163 2y
9 6 25 0.050 6,000 9,871 17,583 178 1y
11 6 25 0.067 6,000 176 L
13 6 25 0.050% 6,000 11,028 18,673 169 1-
15 6 25 0.067* 6,000 10, 468 17,574 168 1-
2 12 20 0.025 12,000 27,391 47,181 174 4,
4 12 20 0.040 12,000 23, 869 40, 944 171 3
6 12 20 0.025% 12,000 [38,497) 60, 920 157 x B
8 12 20 0.040%* 12,000 30,687 48, 562 158 4.
10 12 25 0.025 12,000 21,159 36, 732 174 3
12 12 25 0.033 12,000 20, 306 34, 893 172 2!
14 12 25 0.025% 12,000 23,630 39,044 165 3
16 12 25 0.033* 12,000 22, 448 36, 806 164 8 .
Average 19, 007 31,813 167. 4 2¢
Variution (M. : + Min) 4. 075 3.635 1. 140
¥ Root diameter for protuberance cut.
x designates low stress range configuration.
xx designates high stress range configuration.
Notes:
A value of 1.0 was used for K, (load distribution factor).
High and low calculated stress configurations are boxed.




—ﬁ_-\\“—_——_——:_-:
Tooth Stress at High Point of Single Tooth Contact (p. 8. i. )
AGMA as Heywood as Kelley-Pedersen
:mer AGMA % of Lewis Heywooc! % of Lewis Kelley-Pedersen % of Lewis
i 20, 484 161 xx 24, 504 193 24, 229 191
17,300 157 19, 750 179 19, 654 178
26, 152 149 31,266 178 27,770 158
20,729 148 23,614 168 19,518 139
14,952 151 20, 279 205 xx 20, 305 206 xx
149 192 185
16, 148 146 21,900 199 21,767 197
15,099 144 19, 398 185 18, 619 178
43,006 157 51,737 189 51, 859 189
36, 4417 153 41,710 175 41, 848 175
144 174 57,038 148
44,015 143 50, 531 165 x 39, 402 128 x
31,196 147 42, 527 201 40, 272 190
29, 456 145 38, 093 188 34,754 171
33,680 143 45, 997 195 43, 453 184
31,562 141 x 40, 888 182 37,195 166
¢ 28,115 147.9 34,838 183.3 33, 233 169.4
3.950 1. 142 3.710 1,242 3. 257 1. 493
.'-r ~ TR e TN e T W e e




where:

where:

hy -

(-9

¥ ©wW X ®

Sb

»

Figure 4.

= maximum fillet stress
= normal load
= tooth face width

= dimension of resisting material

= fillet radius at the point of maximum stress

distance from point of load application to
maximum stress

deviation of load line from direction of
principal stress

+ face width

= moment arm

« resisting material
= fillet radius

= normal load

= angle deviation of load from the

0.5
. l,n_mii)ﬂ'?][%+{?$} Il+ﬂ.?55nnr}]$ W

tooth depth

point of loading to the point of
maximum stress

= distance parallel to equivalent straight-sided projection

from the point of loading to the point of maximum stress

maximum fillet stress

Heywood Construction and Gear Tooth Bending Stress Formula.

0.7 .
W e 1.5a  sinB 0.45
SU-F[“O'Z()(rf) ][ e2 ' ?e+me}n~5]

Figure 5. Kelley-Pedersen Construction and Gear Tooth Bending Stress Formula.
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TABLE II
DOLAN-BROGHAMER GEAR TOOTH BENDING STRESS FORMULA

6 Wh =W
Sb=K[tF - F tan ¢L]

where
W = tangential load at load point
¢ = pressure angle at load point
h, t = load height and maximum stress section tooth thickness from gear tooth
layout (Lewis construction)
F = gear tooth face width
Sp = combined stress (from radial and flexural components of load) at the ten-
sile fiilet
K = concentration factor for combined stress at tensile fillet
. maximum observed tensile stress
N computed combined stress
t\0.2 /¢t\ 0.4
= 0.22 +<ﬁ) h, for 14.5-degree pressure angle
t\0.15/4\ 0.45
= 0.18 +(ﬁ) (T) for 20-degree pressure angle
Dl minimum fillet radius at bottom of the trochoidal fillet of a generated
tooth as determined by procedure developed by Mr. A. H. Candee.
= ri *+ rq
ri = bj2/(R=b;) = minimum radius of curvature of trochoid at center of edge
radius
bj = b -ry = dedendum to center of tool edge radius
ry =  tool edge radius
b = length of dedendum of the gear
R = radius of the pitch circle
t = thickness of tooth at theoretical weakest section (Lewis)
h = height of load position above the theoretical weakest section
TABLE III
AGMA GEAR TOOTH BENDING STRESS FORMU LA
—
_ WtKo (Pd) Ks Km
St Kv \F J
where
St = calculated tensile stress at the root of the tooth
Wi = transmitted tangential load at operating pitch diameter
Ko = overload factor Load
Kv =  dynamic facto."
P4 = transverse diametral pitch '
F =  pet face width Tooth Size
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TABLE III (CONT)
AGMA GEAR TOOTH BENDING STRESS FORMULA

gize factor
load distribution factor Stress Distribution
geometry factor

f%nﬁ for spur gears
Y = tooth form factor
Kf = stress correction factor
mp; = load sharing ratio

J L
H +(rL> (%) = Dolan-Broghamer Stress Concentration Factor
f

Pressure Angle (Degrees)

0.22 14.5
0.18 20
0.20 14.5
0.15 20
0. 40 14.5
0.45 20

t, h, and ry from gear tooth layout (Lewis construction)

my = normally 1 for spur gears
: L for r gears
Yy - cosg 1.5 _ tangp spur g
cos ¢ X t
¢ = tooth pressure angle
é | = load pressure angle
t = tooth thickness at the section of maximum stress (Lewis
construction)
X = tooth strength factor from layout (Lewis construction)
r¢ = radius of curvature of fillet at point tangent to root circle (may also be
calculated)
< Sa Ki,
t = KT KR
where
Sa = allowable stress for material
Ki, = life factor
Kp = temperature factor
Kr = factor of safety
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In summary, review of the literature indicated that wide variations of bending strength
could be calculated for a given configuration. Little data are available which attempt
to correlate basic material strengths from laboratory tests with actual gears. It was
thus apparent that a controlled fatigue experiment with full -size tooth proportions could
aid the development of a more accurate method of calculating bending strength. Basic
material strength data from R. R. Moore tests for correlation would also enhance the
analysis.

DESIGN OF EXPERIMENT

Four factors of gear tooth geometry were investigated in a statistically designed experi-
ment. Each of the factors selected was expected to affect gear tooth life. The experi-
ment was designed to indicate if these factors interacted and if the observed results
were statistically significant. The geometric factors evaluated were:

Factor Levels Values assigned
® Diametral pitch 2 6 and 12
@ Pressure angle 2 20 and 25 degrees
® Root radius size 2 Small and large (exact values dependent
on diametral pitch)
@ Fillet configuration 2 Full form ground and protuberance
hobbed

The experiment planned involved cycling three gear teeth to failure at each of four stress
levels for each of the 16 possible combinations of the four geometric factors investigated.
Evaluation of the effects of the four geometric factors was to be based on the finite life
portion of the resulting fatigue (S/N) curves.

DESIGN OF FATIGUE TEST GEARS

Drawings of the 16 fatigue test gears are presented 1n Appendix I. Table IV lists the
pertinent dimensions for the 16 fatigue test gear configurations.

Diametral pitch values of 6 and 12 were selected. A diametral pitch of 6 is typical for
main power train gears in turboprop and helicopter aircraft engine transmissions. A
diametrzl pitch of 12 provides a reasonable 2:1 variation; it also represents typical air-
craft engine accessory drive train practice.

The pressure angles of 20 and 25 degrees were selected since they represent aircraft
engine design practice.

Each gear tooth design has a maximum fillet radius size that can be accommodated be -
tween the active profile diameter and the root diameter. Using this maximum value of
100 percent, the minimum fillet radii for the test gears were specified as 80 percent

for one design experiment level. The other level was set at 50 percent for the 20-degree
pressure angle gears and 60 percent for the 25-degree gears to maintain a minimum
actual fillet radius of 0.025 inch. A manufacturing tolerance of 20 percent was thus
provided with a minimum variation of 20 percent in fillet size.

The fatigue test gears were made without a rim and web to eliminate possible complica-
tions. Twenty-four tooth gears were chosen tc avoid undercutting and to provide rea-

sonable gear sizes.
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TABLE IV
FATIGUE TEST GEAR DIMENSIONS

Configuration 1 2 3 4 5 6 7 8 .
Part number EX-78772 EX-78773 EX-78774 EX-78775 EX-78776 EX-78777 EX-78778 EX-78779 EX-%
Number of teeth 24 24 24 24 24 24 24 24 24
Pressure angle,

degrees 20 20 20 20 20 20 20 20 25
Diametral pitch 6 12 6 12 6 12 6 12 6
Pitch diameter,

inches 4.0 2.0 4.0 2.0 4.0 2.0 4.0 2.0 4.0
Base circle diam-

eter, inches 3.7588 1.8794 3.7588 1,8794 3.7588 1.8794 3.17588 1,8794 3.62
Diameter at

HPSTC*, inches 4.08289 2.04748 4, 08289 2.04748 4, 08289 2.04748 4,.08289 2.04748 4,13
Active profile

diameter, inches 3.7984 1.8969 3.7984 1.8969 3.7984 1, 8969 3.7984 1.8969 3.75
Addendum factor 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Dedendum factor 1.25 1.25 1,25 1.25 1.40 1. 40 1,40 1,40 1,20
Whole depth factor 2,25 2.25 2.25 2.25 2.40 2. 40 2.40 2.40 2.20
Outside diameter,

inches 4.333 2. 167 4,333 2,167 4,333 2. 167 4,333 2.167 4,33
Root diameter,

inches 3.583 1,792 3.583 1.792 3.533 1.767 3.533 1.767 3.60
Minimum fillet

radius, inches 0. 050 0. 025 0. 080 0. 040 0. 080 0. 025 0.080 0.040 0.05
Maximum possible

fillet radius, ,

inches 0.1008 0. 0506 0.1008 0. 0506 2, 1008 0.0506 0.1008 0.0506 0.08
Minimum fillet

radius*¥, per-

cent 50 50 80 80 50 50 80 80 60
Fillet type *+——ee F'ull Ground + - Protuberant - <
Tooth thickness, 0.2618 0.1309 0.2618 0.1309 0.2618 0. 1309 0.2618 0.1309 0.26

inches 0.2598 0.1289 0.2598 0. 1289 0.2598 0. 1289 0.2598 0.1289 0.25
Face width,

inches (+£0.002) 0.50 0.25 0. 50 0.25 0. 50 0.25 0. 50 0.25 0.50
Contact ratio 1.5403 1.4780 1.5403 1.4780 1, 5403 1, 4780 1.5403 1.4780 .38

*HPSTC —high point of single tooth contact.

**Percent of maximum possible.

13



—
8 9 10 11 12 13 14 15 16
78 EX-78779 EX-78780 EX-78781 EX-78782 EX-78783 EX-78784 EX-78785 EX-78786 EX-78787
24 24 24 24 24 24 24 24 24
20 25 25 25 25 25 25 25 25
12 6 12 6 12 6 12 6 12
2.0 4.0 2.0 4.0 2.0 4.0 2.0 4.0 2.0
1,8794 3.6252 1.8126 3.6252 1,8126 3.6252 1.8126 3.6252 1.8126
! 2.04748 4,1324 2.0729 4,1324 2.0729 4.1324 2.0729 4.1324 2,0729
1.8969 3.17571 1,8759 3.7571 1.8759 3.7571 1,8759 3.7571 1.8759
1.0 1.0 1.0 1,0 1.0 1.0 1.0 1.0 1.0
1,40 1.20 1.20 1.20 1.20 1,35 1.35 1.35 1.35
2.40 2.20 2.20 2.20 2.20 2.35 2.35 2.35 2.35
2.167 4,333 2.167 4,333 2.167 4,333 2,167 4, 333 2.167
1,767 3.600 1.800 3.600 1.800 3.550 1.775 3.550 1.775
0. 040 0. 050 0.025 0. 067 0.033 0.050 0.025 0. 067 0.033
0.0506 0. 0836 0.0418 0.0836 0.0418 0.0836 0.0417 0. 0836 0.0417
80 60 60 80 80 60 60 80 80
————————- <4 Full Ground > === Protuberant -
. 0.1309 0.2618 0.1309 0.2618 0.1309 0.2618 0.1309 0.2618 0.1309
0.1289 0.2598 0.1289 0.2598 0.1289 0.2598 0.1289 0.2598 0.1289
0.25 0.50 0.25 0.50 ‘0.25 0.50 0.25 0.50 0.25
1.4780 1, 3823 1.3230 1.3823 1.3230 1.3823 1.3240 1.3823 1.3240
[
- - oot T o Tk E=:




Face widths of 0. 500 inch for the 6-pitch gears and 0. 250 inch for the 12-pitch gears
were selected to provide slightly larger axial width than tooth thickness at the weakest
section in bending. The face widths maintain proportional similarity between the two
gear pitches. Carburized case depths were also varied to maintain proportional simi-
larity.

Two root fillet configurations are in general use in aircraft gearing—full form ground
and protuberance hobbed. Since almost all aircraft engine gears have ground involute
profile surfaces, the root fillet radii can be ground during the same operation, thus
producing a "full form' ground gear. The ground root area is subject to grinding burns,
excessive case removal, and/or high residual stresses if the grinding procedures are
not carefully specified and controlled. Ground root fillets may be produced by formed
wheels with true radii or specially shaped fillets, or by generation which produces tro-
choidal fillets.

Hobbing the gear with a special hob that has protrusions at the tips results in a controlled
amount of undercut in the root area, thus producing a protuberance gear. Involute grind-
ing can be accomplished after hardening without grinding the root fillet radii, The full
residual stress developed by case hardening is retained. The root surface finish will be
as hobbed unless a grinding operation is incorporated.

A trochoidal fillet is produced by a protuberant hob or shaper cutter. (The undercut
could be broached into the gear tooth.)

The protuberance cut gears are necessarily slightly thinner at the weakest section and
have smaller root diameters as compared with full form ground gears; thus, the bend-
ing stress is increased. The material strength should also be greater. The resulting
fatigue life, however, is not predictable because of the many factors involved which can
not be accurately assessed,

A generated ground fillet was used for the {111 form gears to maintain similarity with
the protuberant fillet configuration, All gears were shot peened in the root, The fillet
type designation part of the designed experiment, therefore, included changes in tooth
thickness, root diameter, case depth, and surface treatment. Figure 6 shows two typi-
cal fatigue test gears,

MANUFACTURE OF FATIGUE TEST GEARS

Fatigue test gear manufacturing was controlled to minimize variation within and between
each of the 16 groups, Significant efforts were made to maintain constant metallurgical
microstructure and surface treatment as well as geometry, Specific items of control
were as follows,

@ All material was from a single heat (Carpenter Steel Company heat number 61629),
The material was forged from 6 -inch round corner squares to 2, 875- and 5, 125-
inch bar stock form, The raw material record is given in Table V,

® All heat treat operations were performed at the same time except carburizing (due
to two different case depths required) and stress relief after grinding (due to time
limits).

® Copper plating prior to hardening and stripping of copper plate after hardening were
each accomplished simultaneously on all parts,

® Shot blasting and peening were accomplished simultaneously on all gears of each
group.

15



Figure 6. Typical Fatigue Test Gears.

® Gear tooth hobbing and grinding were accomplished by using an arbor that stacked

all gears of each group. Each gear was honed separately.

® All test gears were black-oxide coated simultaneously (except for several sets

which were processed early to permit initiation of testing).

® The high point of concentricity of all gears in each set was
grinding operation, and gears were carefull

removal.

TABLE V
RAW MATERIAL RECORD

Material specification—AMS-6265

Heat number —61629

Material size-—6-inch round corner squares
Grain size—5

Jominy hardenability —Top of ingot

Bottom of ingot

16

Allison Purchase Order Numbers J8-05266 and J8-05265

STEEL SUPPLIER DATA —CARPENTER STEEL COMPANY

R(38 at surface
Rc38 at 6/16 inch
Rc39 at surface
Rc38 at 6/16 inch

matched at each gear
y aligned to obtain uniformity of stock




TABLE V (CONT)
RAW MATERIAL RECORD

Hardness —Brinell 269
Jernkontoret (J. K. ) rating

Inclusion Type A B C D
Inclusion Size Thin Thick Thin Thick Thin Thick Thin Thick
Top 1 0 1 0 0 0 1 0
Bottom 1 0 1 0 0 0 1 1

Chemical analysis

C Mn P S Si Cr Ni Mo
0,11 0,66 0,004 0.004 0,30 1,33 3.39 0.14

Steel forger —Indianapolis Drop Forging Company Incorporated
Forged size —Two pieces 5. 125 inches in diameter and 36 inches long
Two pieces 2,875 incnes in diameter and 36 inches long

ALLISON METALLURGICAL INSPECTION RECORD
Coarse etch—okay

Magnaflux step-down kars—okay
Chemical analysis

C Mn P S Si Cr Ni Mo
0.10 0.67 _— - 0.29 1,29 3.41 0,12

Tensile tests
Material from 2, 875-inch-diameter bar stock heat treated to Allison specification
(EPS 200) as follows: 1475°F. for 1 hour, oil quenched; 325°F. for 1 hour, air cooled;

Rockwell ""C'" hardness of 38.0 to 38.5. Tests were conducted at room temperature.

Specimen Yield strength Tensile Elongation in Reduction of
number  0.2%offset (p.s.i.) strength (p.s.i.) 1 inch (percent) area (percent)

A 140, 200 181, 100 18.2 70. 2
B 141, 500 180, 300 18.2 68. 8
C 142, €00 179, 000 18.0 68.0

Izod impact tests

The heat treated material tests were conducted at room temperature.

Specimen Impact energy
number (foot-pounds) Reference
D 74.0 Russel, J. E,, and Chesters, W.T,,
E 75.0 "Significance of the Izod Test
F 74.0 with Regard to Gear Design and

Performance, " Engineering,

Volume 176, 1953, pp. 166-169,
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Many in-process and finished part measurements were made to I.. = Jdefine stock re-
moval and to record the final geometry of each part. Tables VI and VII list the protuber-
ant cut gear measurements and analysis. Tables VIII and IX provide comparable data

for the ground fillet gears.

The root diameter, dimension over pins, root radius, and protuberance undercut depth
are the critical dimensions for the fatigue specimens.

Most of the gears had some, usually slight, dimensional deviation. All the gears of
each group were well within the dimensional tolerance limits. Thus, repeatabilily of
fatigue test data within any group should be excellent due to the stack machining tech-
niques employed. Some variation from the designed experiment, however, may occur
between groups. These variations could be eliminated by basing bending stress calcu-
lations on actual rather than print dimensions.

Sample routing sheets for a full ground (EX-78772) and a protuberant cut gear (EX-78776)
are given in Appendix II.

Table X lists the fatigue test gear hob dimensions necessary to define the gear tooth
root fillet shape. The dimensions given must be modified by the finish stock allowance
to obtain an accurate finished gear configuration. The full ground root fillet configura-
tion hobs are listed to permit analysis of the finish stock allowance in the root fillet
area rather than for bending stress determination.

TEST RIG DESIGN AND PROCEDURE

The test rig was designed for single tooth fatigue testing of either the 2- or 4-inch-pitch-
diameter gear. Single tooth testing was selected over a dynamic four-square gear tes*
to permit accurate control of test variables. Adjacent teeth on the test gear were re-
moved to ensure single tooth contact.

Two design concepts were considered for the fatigue testing device —a hydraulic servo-
valve system where a measured torque is applied on the test gear to produce the de-
sired tooth load and an eleciromagnetic shaker for use as the input loading device. The
two concepts were evaluated on the basis of available equipment, usage experience, and
inherent advantages and disadvantages. Design studies showed that the electromagnetic
shaker was preferred, provided that a high frequency of operation could be achicved at
the specified test loads. Additional considerations were accurate tooth load meusure-
ments and good dynamic stability,

To achieve the desired operational requirements, a fatigue test rig was designed with
inherent high axial and radial stiffness of all load transmitting and reacting components
and with a load cell at the point of tooth loading. The fatigue rig was coupled to an c'ec-
tromagnetic shaker. Operation at or near a system resonance of approximately 200
c.p.s. was realized., The principle of operation of the fatigue test rig is shown sche -
matically in Figure 7.

The shaker driving force was applied directly to a mass which, in turn, loaded the gear

tooth through a load cell. The mass was supported flexibly in the direction of loading
and was stabilized in all radial directions by two disk-type flexible plates.
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TABLE VI
TABULATION OF PROTUBERANT FILLET GEAR MEASUREMENTS*

_—:—=~_—_———__—.T_._____————————_—_-

|

Root Fillet Radius Root Diameter
Part Print After Solution| Print After After Solution £..
Number Minimum After Hob Machining |[(+0, 002) Hob Machining Print I.

EX-78776 0, 050 0. 060 to 0. 065 to 3.533 3.535 3.5227 to 4.3953 to 4,
0. 065 0.070 3.5241 4, 3999

EX-78717 0,025 0.030 0.030 to 1,767 1.775 1,7679 to 2,.1953 to 2.
0.032 1, 7688 2. 2000

EX-78718 0. 080 c. 085 0. 090 3,533 3.536 3.5248 to 4, 3953 to 4,
3. 5275 4,3999

EX-78779 0.040 0,042 0. 044 1,767 1, 7745 1,7672 to 2.1953 to 2.
1, 7682 2, 2000

EX-78784 0. 050 0. 056 0. 065 3.550 3.551 3.5412 to 4,3973 to 4.
3. 5424 4,4012

EX-78785 0. 025 0. 026 to 0,028 to 1,775 1,7815 1. 7755 to 2.1967 to 2
0. 032 0. 036 1, 7764 2, 2006

EX-78786 0.067 0, 068 to 0.070 to 3. 550 3.555 3.5436 to 4,3973 to 4
0.070 0.075 3. 5448 4,4012

EX-78787 0.033 0,032 0. 034 %o 1,775 1,784 1,7775 to 2. 1967 to 2
0.036 1,7778 2. 2006

* All dimensions in inches
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—_—
Dimension Over Pins
Minimum
a After After After Solution After Finishing Stock

Print Hob Heat Treat Machining Final Grind | After Hob Operation

4,3953 to 4,4353 4,4338 to 4.4201 to 4,3963 to 0.0354
4, 3999 4,4345 4.4239 4, 3965

2,1953 to 2,2362 2.2300 to 2.2246 to 2.1958 to 0.0362
2.2000 2,2305 2,2257 2.1968

4,3953 to 4,4352 4,4339 to 4,4205 to 4,3903 to 0. 0353
4, 3999 4,4344 4,4255 4, 3906

2,1953 to 2.2355 2,2347 to 2.2247 to 2,1961 to 0, 0355
2.2000 2,2353 2.2257 2.1963

4,3973 to 4,431 4.4290 to 4,4183 to 4,3973 to 0.0298
4,4012 4,4298 4,4205 4, 3980

2,.1967 to -2, 2306 2,2296 to 2.2208 to 2.1972 to 0. 0300
2.2006 2.2305 2,2222 2,1978

4,3973 to 4.4316 4.4298 to 4,4183 to 4,3982 to 0.0304
4,4012 4,4300 4,4202 4, 3983

2,.1967 to 2.2312 2.2302 to 2.2222 to 2.1945 to 0.0306
2. 2006 2,3209 2.2230 2.1949

- —————



TABLE VII

ANALYSIS OF PROTUBERANT FILLET GEAR MEASUREMENTS#*

Root Diameter Dimension Over P
Change
Maximum Between Maximum
Maximum Varijation Maximum | Minimum Heat Variation Maxir .
Change, Between Finishing Maximum Variation Treat and Between Cha:
Hob to Gears After Stock Change, Between Minimum Gears After Hob «
Part Solution Solution After Hob Hob to Gears After Solution Solution Solut :
Number |Machining | Machining Operation | Heat Treat Heat Treat Machining Machining Mach...i.
EX-78776 | 0.0123 0.0014 0. 002 0.0015 0. 0007 0.0137 0.0038 0.0
EX-78777} 0.0071 0. 000¢ 0.008 0. 0062%%x* 0. 0008 0. 0054 0.0011 0.C 1
EX-78778| 0.0118 0. 0027 0.003 0.0013 0. 0005 0.0134 0. 0050 0.C ¢
EX-78779 | 0.0073 0.0010 0. 0075 0.0008 0. 0006 0.0100 0.0010 0.C (
EX-73784 0.0098 0. 0012 0.001 0.0020 0. 0008 0.0107 0. 0022 0.C :
EX-78785| 0.0060 0. 0009 0. 0085 0.0010 0. 0009 0, 0088 0.0014 0.(
EX-78786 | 0.0119 0,0012 0.005 0.0018 0. 0002 0.0115 0.0019 0. (
EX-78787| 0.0065 0. 0003 0.009 0.0010 0. 0007 0. 0080 0. 0008 0.
Averaget| 0,0115 0.0016 0. 0024 0.0017 0. 0006 0.0123 0. 0032 0.
Average $| 0,0067 0. 0008 0.0078 0.0010 0. 0007 0. 0081 0.0011 0.

%%k

to 0.0077 per surface.
hob are equivalent to 0, 0076 per surface.

*  All dimensions in inches.

Qucstionable reading—deleted from averages.

** Dimension over pins calculated for 0. 000 to 0. 004 backlash with mating gear on standard centers. Therefore,
dimension over pins tolerances equivalent to 0.002 change in tooth thickness or 0, 001 stock allowance per sur{
The 0.0039 tolerance for 25-degree pressure angle gears and 0. 0300 average finishing stock after hob are equ
The 0.0047 tolerance for 20-degree pressure angle gears and 0. 0355 finishing stock af

|
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—

—

Dimension Over Pins

-

Change
Between Maximum Change
umum Heat Variation Maximum Between Maximum
‘reat and Between Change Minimum Minimum Variation Meaximum
Ainimum Gears After Hob to Solution Finishing Stock| Between Change,
Solution Solution Solution Machining and After Hob Gears After Hob to
fachining Machining Machining Final Grind Operation ** |Final Grind | Final Grind
0.0137 0.0038 0.0152 0.0238 0. 0354 0. 0002 0.0390
0. 0054 0.0011 0.0116 0.0288 0. 0362 0.0010 0. 0404
0.0134 0. 0050 0.0147 0. 0302 0. 0353 0. 0003 0. 0449
0.0100 0.0010 0.0108 0.0286 0. 0355 0.00)2 0.0394
0.0107 0. 0022 0.0127 0.0210 0.0298 0. 0007 0.0337
0. 0088 0.0014 0. 00988 0.0236 0. 0300 0. 0006 0,0334
0.0115 0.0019 0,0133 0. 0201 0. 0304 0. 0001 0.0334
0. 0080 0. 0008 0. 0090 0.0277 0. 0306 0. 0004 0.0367
0. 0123 0. 0032 0.0140 0. 0265 - 0. 0003 0.0378
0. 0081 0.0011 0.0103 0.0272 - 0.0006 0.0375
t For large-diameter gears.
ar on standard centers. Therefore, $ For small-diameter gears.

;s or 0,001 stock allowance per surface.
1ge finishing stock after hob are equivalent

": gears and 0, 0355 finishing stock after




TABLE VIII
TABULATION OF GROUND FILLET GEAR MEASUREMENTS*

Root Fillet Radius Root Diameter
Part Print After After Print After After

Number Minimum Hob Final Grind | (£ 0. 002) Hob Final Grind Prii
EX-78772 0. 050 0. 075 0. 065 3.5830 3.5916 3. 5800 to 4, 39¢
3. 5806 4, 3!

(3. 5830) **
EX-78773 0. 025 0. 040 0,040 1, 7920 1. 808 1. 7836 to 2,195
1, 7850 2, 21

(1. 7903)%*
EX-78774 0. 080 0. 085 0.070 3.5830 3.594 3. 5863 to 4, 399
3.5882 4, 3¢

(3. 5820)%x
EX-78775 0. 040 0. 036 to 0,034 1,7920 1,809 1, 7950 to 2.19¢
0,038 1. 7955 2. 21
EX-78780 0. 050 0. 065 to 0. 055 to 3.600 3.6152 3.5998 to 4, 397
0.070 0. 060 3.6010 4,4l
EX-78781 0. 025 0. 026 0. 026 to 1,800 1, 815 1.8093 to 2. 19¢€
0,028 1.8105 2,2
EX-78782 0,067 0. 070 0.070 3.600 3.614 3.600 to 4, 391
3.604° 4, 41

(3. 605)*%*

EX-78783 0,033 0. 032 to 0,034 to 1,800 1. 815 1.805 2. 19¢
0. 036 0. 036 (1, 803)%x* 2.2

* All dimensions in inches,

** Setup part not included.
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rint

999 to
3953

953 to
2000

999 to
3953

953 to
, 2000

1973 to
14012

967 to
., 2006

1973 to
. 4012

967 to
, 2006

‘S*

M

oot Diameter

Dimension Over Pins

After After After After After Finish
Hob Final Grind Print Hob Heat Treat Grind and Hone

3.5916 3.5800 to 4,3999 to 4,4354 4,4345 to 4,.3961 to

3.5806 4,3953 4.4350 4,3971

(3. 5830)** (4. 394)*%
1,808 1.7836 to 2,1953 to 2.2344 2,2335 to 2.1920 to

1, 7850 2,2000 2.2342 2,1922

(1. 7903)** (2, 1942)%x*
3,504 3.5863 to 4,3999 to 4,.4352 to 4,.4340 to 4,3990 to

3.5882 4, 3953 4,4354 4.4347 4,3990

(3. 5820)%x* (4.3941)%*
1,809 1. 7950 to 2.1953 to 2,2355 2,2345 to 2.1912 to

1, 7955 2.2000 2.2355 2.1928

(2. 1895)%*

3.6152 3.5998 to 4, 3973 to 4.4293 to 4.4275 to 4,3997 to

3.6010 4,4012 4,4298 4,4282 4.4005
1,815 1.8093 to 2.1967 to 2.2312 to 2,2305 to 2,1961 to

1.8105 2.2006 2.2313 2,2307 2.1976
3.614 3.600 to 4, 3973 to 4,4319 4,4292 to 4,3976 to

3.604 4,.4012 4,4297 4,3981

(3. 605) %= (4, 3967)%x*
1, 815 1. 805 2.1967 to 2.2305 2.2295 to 2.1965 to

(1, 803)%x 2.2006 2,2300 2,1972

(2. 1947)%x*




ANALYSIS OF GROUND FILLET GEAR MEASUREMENTS*

TABLE IX .

F
Root Diameter
Maximum Grind Maximum Maximum
Maximum Variation Stock Maximum Variation Change,
Change, Between After Hob Change, Between Minimum
Part Hob to Gears after | Operation Hob to Gears After | Heat Treat to

Number Final Grind | Final Grind | (0. 002) Heat Treat | Heat Treat | Minimum Hone

EX-178772 0.0116 0. 0006 0. 0086 0. 0009 0. 0005 0.0384

EX-78773 0.012 0. 000 0.016 0. 0009 0. 0007 0.0415

EX-78774 0. 0077 0.0019 0.011 0. 0012 0. 0007 0,0370

EX-78775 0.014 0. 0005 0.017 0. 0010 0.0010 0.0433

EX-78780 0,0154 0. 0012 0.0152 0.0018 0. 0007 0.0278

EX-78781 0. 0057 0.0012 0.015 0. 0007 0. 0002 0.0344

EX-78782 0.014 0. 0040 0.014 0. 0027 0. 0005 0.6316

EX-78783 0.010 0. 000 0.015 0. 0019 0. 0005 0.033

t Average 0.0122 0.0019 0.0122 0.0017 0. 0006 0.0337
$ Average 0.0104 0. 0009 0.016 0. 0009 0. 0006 0,0381

* All dimensions in inches.

** Dimension over pins calculated for 0, 000 to 0. 004 backlash with mating gear on standard centers.
pins tolerances equivalent to 0, 002 change in tooth thickness or 0, 001 stock allowance per surface.
25-degree pressure angle gears and 0. 0300 average finishing stock after hob are equivalent to 0. 00
tolerance for 20-degree pressure angle gears and 0, 0355 finishing stock after hob are equivalent to

t For large-diameter gears.

t For small-diameter gears.
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D

Max
Var.a..
Bet ...
Ge -
Afte: . _.
Grind ... -

o -

0.

0.

Theref .
e. The( .
0077 per ...
to 0, 007¢

.1

ENTS*

Dimension Over Pins

Maximum
Maximum Maximum Variation Maximum
mum Variation Change, Between Maximum Finishing
1ge, Between Minimum Gears Change, Stock Pressure
to Gears After | Heai Treat to After Final Hob to Final After Hob Angle
"Creat Heat Treat | Minimum Hone |Grind and Hone |Grind and Hone Operation ** | (Degrees)
)9 0. 0005 0.0384 0.0010 0,0393 0.0355 20
)9 0. 0007 0.0415 0, 0002 0,0424 0.0344 20
12 0.0007 0.0370 0.0018 0.0384 0,0353 20
10 0.0010 0. 0433 0.0016 0,0443 0, 0355 20
18 0, 0007 0.0278 0. 0008 0. 0296 0, 0281 25
07 0. 0002 0.0344 0. 0015 0.0351 0,0306 25
27 0. 0005 0,0316 0. 0005 0. 0343 0. 0307 25
19 0, 0005 0.033 0. 0007 0,0340 0.0299 25
17 0. 0006 0,0337 0, 0010 0. 0354 - -
09 0. 0006 0.0381 0. 0010 0,0389 - -

with mating gear on standard centers.

* 5 or 0,001 stock allowance per surface.

Therefore, dimension over
The 0, 0039 tolerance for

1g stock after hob are equivalent to 0. 0077 per surface.

The 0, 0047

" nishing stock after hob are equivalent to 0. 0076 per surface.




TABLE X
HOB DIMENSIONS

[ —
Gear Hob Tooth Hob Hob Hob Pressure Hob Tip
Gear Part Thickness Addendum Lead, Angle, Radius,
Configuration Number HTT (inches) HADD (inches) HLEAD (inches) HPAR (dg&rees) HTIPR (inche¢
1 EX-78772 0.2468 0. 2005 0.52436 20 0. 055 to
0. 050
. 2 EX-78713 0.1159 0. 0962 0.26194 20 0. 025 to
0,030
3 EX-78774 0. 2468 0. 2005 0.52436 20 0. 072 full
4 EX-78775 0.1159 0. 0962 0.26194 20 0. 033 full
5 EX-78776 0. 2032 0,17117 0. 50888 14,5 0. 050 to
0, 055
6 EX-78777 0, 0943 0. 0842 0.25421 14,5 0. 025
7 EX-78778 0, 2032 0.1717 0. 50888 14,5 0, 082 full
8 EX-78779 0, 0943 0, 0842 0.25421 14,5 0. 039 full
9 EX-78780 0, 2468 0. 1920 0,52435 25 0. 045 to
0. 040
10 EX-78781 0.1159 0. 0920 0.26194 25 0. 024 full
11 EX-781782 0. 2468 0.1920 0.52435 25 0. 053 full
12 EX-78783 0.1159 0. 0920 0,26194 25 0, 024 full
13 EX-78784 0.1799 0. 1509 0,50564 20 0. 050 to
0. 055
14 EX-78785 0.0654 * 0. 0500 * 0.24632 15.5 0. 025 to
0. 030
15 EX- 78786 0. 1449 * 0.1030 * 0.49301 15.5 0. 067 full
16 EX-78787 0. 0654 * 0. 0500 * 0.24632 15.5 0. 032 ful)
* Theoretical
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‘ob Pressure Hob Tip Hob
Angle, Radjus, Protuberance, Hob Part Tooth Thickness Root Diameter
“AR (degrees) HTIPR (inches) HPW (inches) Number per Side (inches) per Side (inches)
20 0. 055 to 0 SPT-2603 0.008 0. 008
0, 050
20 0. 025 to 0 SPT-2608 0. 008 0,008
0.030
20 0, 072 full 0 SPT-2602 0,008 0.008
20 0,033 full 0 SPT-2607 0.008 0. 008
14,5 0.050 to 0.007 to SPT-2604 0,008 0.003
0. 055 0. 008
14.5 0. 025 0. 0055 to SPT-2611 G. 008 0,003
0. 0060
14,5 0. 082 full 0. 006 to SPT-2605 0.008 0, 003
0. 007
14,5 0. 039 full 0. 0050 to SPT-2609 0,008 0. 003
0. 0055
25 0. 045 to 0 SPT-2594 0. 008 0. 008
0, 040
25 0. 024 full 0 SPT-2597 0.008 0.008
25 0. 053 full 0 SPT-2595 0. 008 0.008
25 0. 024 full 0 SPT-2598 0. 008 0. 008
20 0. 050 to 0,007 to SPT-2593 0. 008 0.003
0. 055 0. 008
15.5 0. 025 to 0.007 to SPT-2600 0. 008 0. 003
0. 030 0,008
15.5 0. 067 full 0.007 to SPT-2591 0. 008 0,003
0. 008
15.5 0. 032 full 0. 007 to SPT-2599 0. 008 0.003
0. 006

——— e e e

-
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Figure 7. Principle of Operation of Fatigue Test Rig.

The required static preload was provided by compressing a relatively low spring rate
coil spring. Inertia loading of the tooth, using the moving mass, made possible con-
siderable force amplification at and near the system axial resonance. The forced dy-
namic load was about the mean value which, in this case, was the static preload. Fig-
ure 8 shows the test rig in its final configuration. Figure 9 shows the rig coupled to
the shaker.

The load cell incorporated at the point of tooth loading to provide accurate control of
both static and dynamic tooth loading during fatigue testing was an Allison designed
strain gage type cell. Figure 10 shows the load cell instrumented with axial and cir-
cumferential strain gages, and Figure 11 shows the load cell in its final assembly. The
strain gage hookup was a four -active -arm bridge. The bridge signal output was directly
proportional to the change in applied thrust, independent of load cell bending and temper-
ature change, and 2(1 +4) times as large as the corresponding output of a single strain
gage. The symbol u is Poisson's ratio,

The automatic control system of the electromagnetic shaker was not used. Excellent
control stability was realized by manual control.

A series of check-out procedures was performed prior to dynamic testing. The follow -
ing paragraphs present the check-out procedures in the sequence in which they were
performed.

® Radial Spring Rate of Fatigue Rig

The fatigue rig was installed in the electromagnetic shaker and instrumented with
dial indicators as shown in Figure 12, With gear EX-78784 installed and statically
loaded by means of the bias spring loading device, the radial deflections were mea-
sured. The radial spring rate of the system as determined by test was 5,900, 00C
pounds/inch. This high radial spring rate verified the design objective of high
system stiffness to ensure accurate load application at the high point of single tooth
contact and good alignment of all moving parts during operation.
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® Dimensional Check-Out

Measurements were ma-de to verify that contact between the load member tip and
the gear tooth occurred :: the high point of single tooth contact. The measurements
verified tip spacing to the center of the pilot shaft to be as designed, and to ensure
tip contact at the high point of single tooth contact during fatigue. Figures 13 and
14 show typical dimensions for the 6- and 12-pitch gears.

® Tooth Load Distribution

Gear EX-78784 was designated as the check-out gear. The gear was instrumented
with strain gages and a thermocouple, as shown in Figure 15. The instrumented
gear was installed in the fatigue test rig, and a static load was applied in 1000-pound
increments to 3000 pounds. The strain read-out of the two gages on face A was
compared for indication of nonuniform loading or misalignment, The gages indicat-
ed uniform loading and good alignment. Accurate location of the strain gages was
verified by inserting a small piece of shim stock, 0,003 inch thick, between the

load member tip and the gear tooth. The shim stock was inserted an equal distance
on both sides of the gear tooth, and differential strain was compared. The differ-
ential strain was of equal value, verifying good strain gage location.

® Dyuamic Resonance Frequency

To determine the system operating frequency, a frequency scan was made versus
shaker driver current. With the check-out gear installed and preloaded to 1000
pounds, the frequency scan was made from 50 to 500 c. p. s., plotting driver current
while dynamically applying 800 pounds of load to the gear tooth., The frequency
scan indicated that the system resonance frequency was 240 c.p.s. with a reduc-
tion of 20:1 in driver coil current at resonance. Figure 16 shows the relative re-
sponse.

® Dynamic Separation

To ensure continued contact betwe :n the gear tooth and the load member tip and to
determine differential load margin, the output signal of a dynamic gage on face B
was displayed on an oscilloscope., By varying the dynamic load about a constant
preload, the signal wave shape was analyzed. Figure 17 presents the pictcrial
wave shape analysis. The analysis shows that a mininium of 20 pounds differential
is required to maintain contact between the tooth and load tip.

® Load Cell Calibration

To eliminate inaccuracies in the loading, a precise calibration was made on the
load cell. The load cell was tested in a Baldwin press as shown in Figures 18 and
19. The load was applied in 500-pound increments to 5000 pounds maximum; the
output of the strain gage bridge was recorded. Each load cell was tested five times
for repeatability. Figure 20 shows typical calibration data. The calibration of the
load cell repeated within one percent in the new condition and within two percent
after usage.

To allow the load member tip to contact the gear test tooth at the high point of single
tooth contact, a number of teeth were removed as shown in Figure 21, Figure 21 shows
load sides A and B, Teeth 1, 2, 3, and 4 are the test teeth, and teeth 1X, 2X, 3X, and
4X are the load reaction teeth.
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4-Inch Test Gear
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2-Inch Test Gear

Figure 8.

Note: Only one gear
tested at a time.

Fatigue Teast Rig Schematic,
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Figure 9. Fatigue Test Setup.
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Figure 10. Load Cell Showing Instrumentation.
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Figure 11. Assembled Load Cell.
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Figure 12, Instrumented Fatigue Test Rig.




EX-78786
Pressure Angle—25 Degrees
Diametral Pitch=6

Fatigue \
Test Gear 1. 770R 0.9918
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Figure 13. Typical Dimensions of 6-Pitch Gear Test Setup.

EX-78783
Pressure Angle—25 Degrees
Diametral Pitch—12
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Figure 14. Typical Dimensions of 12-Pitch Gear Test Setup.
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Figure 15. Schematic of Check-Out Gear Instrumentation.
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Figure 16. Test System Resonant Frequency.
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Load Member
Bridge

‘Dynamic
Strain Gage
Static Preload—1320 Pounds Static Preload—1320 Pounds
Alternating Load—+1230 Pounds Alternating Load—+1310 Pounds
No Separation No Separation
: Flat , -
N L Peak =/ :
Static Preload—1320 Pounds Static Preload—1320 Pounds
Alternating Load—+1345 Pounds Alternating Load—+1380 Pounds
Separation Separation

Figure 17. Dynamic Strain Gage Signal Showing Tooth-to-Load Tip Contact.
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Figure 18. Load Cell Test Setup.

Figure 19. Close-up of Load Cell Test Setup.
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Figure 20. Typical Load Cell Calibration Curve.
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Figure 21, Test Gear Showing Teeth Removed.
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The test procedure required that the test tooth, once positioned, be preloaded with a
bias load which was equal to one -half of the total fatigue load. Once the preload was
obtained and verified by the load cell, an alternating load was applied about a mean
which was the preload. The tentative plan was that three gear teeth be tested for each
combination of variables until fatigue failure occurred or 107 cycles were accumulated,.

During testing, the dynamic load at the load cell (signal from strain gage bridge) was
monitored and recorded on a strip chart recorder. A typical strip chart recording is
shown in Figure 22,

e
Failure - ';‘H
One Minute
Gear Tooth Load
— Static—1470 Pounds
Dynamic—11440 Pounds Test Load
840 980 1120 1260 1400 1540
Dynamic Load—Pounds

Figure 22. Typical Strip Chart Recording of Test Gear Dynamic Load.

41



RESULTS

FATIGUE TESTS

The fatigue test program was based on a designed experiment for evaluation of four
geometric variables —diametral pitch, pressure angle, root fillet size, and root fillet
configuration., Two levels of each variable were employed requiring 16 different gear
configurations. See Table IV. Initially, three teeth from each gear configuration were
to be tested at four stress levels, Failures were required to permit test evaluation

on the finite portion of the S/N curve. Early test experience with the small 12 diame-
tral pitch gears indicated only a 30-percent cpread between the desired mi ‘imum and
maximum stress levels. The maximum stress was determined by the short test time
(3 to 5 minutes) and high stresses that could cause plastic yielding and thus result in

a different mode of failure, The minimum stress was determined by a high percent of
runouts to 10, 000, 000 cycles without failure, It was decided, therefore, to obtain four
failures at three stress levels to permit a 10-percent difference between levels.

Table XI lists the fatigue test data—load, cycles to failure, and configuration—for the
214 gear teeth tested. Of this total, 173 failed; the remaining gear tooth tests were
terminated at 2 X 106 or 107 cycles,

Fatigue test data for each configuration are plotted as S/N curves based on unit load in
Figures 23 through 38, Unit load is defined as the equivalent load in pounds on a tooth
having a diametral pitch of 1 and a face width of 1 inch. The mean curve drawn through
the data was calculated by a procedure explained in detail in Appendix III. Proportion-
ality factors can be used to relate applied load (test rig load), unit load, Lewis stress,
Dolan-Broghamer stress, AGMA stress, Heywood stress, and Kelley-Pedersen stress
for any single gear configuration. Therefore, S/N curves of the test data based on any
of these stress calculation methods would produce the same fit of the mean curve to the
data points. S/N curves based on AGMA calculated stress are presented in Appendix
IV,

A series of reworks was initiated during the test program to modify or perfect parts
related to the fatigue rig. The areas involved are discussed in the following paragraphs,

Cooling Air

As a result of the high fatigue loads required for the gears having a diametral pitch of
6, it became necessary to provide cooling air to the fatigue tooth at the tension fillet
and lubrication between the tooth and load cell tip. The need for cooling air at the
compression fillet became apparent when two gears cracked from the tooth root to the
gear center, Metallurgical analysis indicated that high localized temperatures existed
during the final phase of tooth fatigue. Additional cooling air eliminated this problem.
All but three teeth on the large gears were tested with the additional cooling air. It is
believed that the test results for these three teeth were not seriously biased.

Tip

The initial design specified that the contact surfaces of the tips be coated with plasma
spray tungsten carbide. The process was to provide a surface which would offer re-
sistance to wear, scuffing, and distortion. However, after limited usage, the coating
cracked and cavitated. The first rework, nitriding the contact surface, was an improve-
ment under low-load conditions, but the surface distorted under high loads. The second
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TABLE XI
GEAR TEETH FATIGUE TEST DATA

Test
Part Serial Tooth Load (pounds) Cycies to Frequency Y Corr.
Number Number Number Static Dynamic Total Failure (c.p.s.) S/N Side
EX-78772 CX 9092 1 5340 5300 10, 640 Void Data - 0.3657
2 4810 4770 9, 580 1 585X104 220 0.3657
3 4810 4710 9, 580 1. 715x104 220 0.3637
4 4810 4770 9, 580 2. 38x104 220 0.3597
CX 9091 1 4430 4230 8, 660 1. 06x10% 220 0. 3697
2 4430 4230 8, 660 1. 32x104 220 0. 3577
3 4430 4230 8, 660 1.3x104 220 0.3677
4 2995 3795 7, 790 2. 38x10% 220 —
CX 9090 1 3600 3400 7, 000 5. 8X10 220 -
2 3995 3795 7, 790 4. 8x104 220 -
3 3995 3795 7, 790 4. 0x104 220 -
EX-78774 CX 9067 1 5900 Void Data High Dynamic Load 220 0.3547
2 5390 5190 10, 580 1.188x104 220 0.3607
3 5390 5190 10, 580 8. 9x103 220 0.3617
4 5390 5190 10, 580 6. 6x103 220 0. 3557
CX 9068 1 4860 4660 9, 520 1. 076x104 220 0. 3576
2 4860 4660 9, 520 1.32x104 220 0.3576
3 4860 4660 9,520 1, 32x10% 220 0. 3546
4 4385 4185 8,570 3. 43x104 220 0. 3586
CX 9064 1 4385 4185 8,570 1.32x104 220 0. 3536
2 4385 4185 8,570 1. 98x104 220 n.3616
3 4385 4185 8,570 2. 64x104% 220 0.3536
4 4385 4185 8, 570 1. 85%x10% 220 0. 3536
CX 9065 1 4385 4185 8,570 1. 7104 220 0. 3586
2 4385 4185 8, 570 1.85x10% 220 0. 3606
3 4385 4185 8, 570 2. 64X104 220 0. 3496
4 4385 4185 8,570 1. 85X104 220 0. 3526
EX-78776 CX 9010 1 4340 4300 8, 640 6. 6X103 220 0.3793
2 3910 3870 7, 780 7. 92X104 220 —
3 3910 3870 7, 180 1, 32x10% 220 -
4 3910 3870 7, 780 1. 04x104 220 0. 3933
CX 9008 1 3600 3400 7, 000 1. 78x10% 220 —
2 3600 3400 7, 000 5, 94x104 220 0. 3873
3 3600 3400 7, 000 206X104 220 -
4 3250 3050 6, 300 6. 6X104 220 0. 3903
CX 9009 1 2950 2750 5, 700 107 = 220 -
2 325 3050 6, 300 Void Data - 0. 3883
3 3250 3050 6, 300 Void Data — -
4 3250 3050 6, 300 1. 3X105 220 -
CX 9007 1 3250 3050 6, 300 5.3x104 220 -
EX-78778 CX 9054 1 4400 4200 8, 600 2. 9x10% 220 0. 3637
2 4400 4200 8, 600 3. 96X104 220 0.3757
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Test

Fatigue Crack Dimensions

Cycles to | Frequency Y Corrected (inches) Z (degrees)
Failure (c.p.s.) S/N Side | Opposite Side | S/N Side | Opposite Side
oid Data L 0. 3657 0. 3657 33 36
_585x104 220 0.3657 0. 3657 31 34
. 715x10% 220 0. 3637 0. 3647 27 31
38x104 220 0.3597 0.3647 30 31
_oex10t 220 0. 3697 0. 3697 32 35
32x104 220 0.3577 0. 3657 30 37
_3x10t 220 0, 2877 0. 3587 35 30
3sx124 220 — = 39 s
. 8X10 220 - _ _ -
. 8x104 220 - = — =
. 0x104 220 - - - —
l Load 220 0.3547 0. 3637 26 36
. 188x10% 220 0. 3607 0.3717 32 35
. 9x103 220 0.3617 0.3637 30 32
. 6X103 220 0. 3557 0.3617 29 29
_076x10% 220 0.3576 F— 32 -
. 32X104 220 0.3576 0. 3596 31 32
. 32x104 220 0. 3546 0.3516 31 35
. 43%10% 220 0. 3586 0. 3586 25 32
. 32x10% 220 0. 3536 0. 3536 28 33
1. 98x10% 220 0.3616 0. 3526 28 34
), 6ax104 220 0. 3536 0, 3576 33 32
|, 85x104 220 0. 3536 0.3576 28 33
L. Tx10% 220 0. 3586 0. 3656 29 28
L. 85x104 220 0. 3606 0.3346 30 31
2, 64x10% 220 0. 3496 0.3616 32 29
1. 85%x10% 220 0. 3526 0. 3536 31 29
3. 6X103 220 0, 3793 0.3823 26 30
7. 92X104 220 - - - -
1. 32x104 220 - — 31 —
1. 04x104 220 0.3933 0.3973 31 31
1, 78x10% 220 — — 28 27
5. 94X104 220 0. 3873 0.3913 28 29
206x104 220 - — = -
6. 6X104 220 0, 3903 0. 3923 28 28
107 = 220 - - — —
Void Data = 0. 3883 0.3913 21 15
Void Data — - = - -
1. 3X10° 220 - = o -
5. 3x104 220 - — - =
2. ox104 220 0. 3637 0.3667 28 28
3. 96x104 220 0.3757 0.3847 29 28

Crack
i -

g - T



TABLE XI (CONT)

Test
Part Serial Tooth Load (pounds) _ Cycles to Frequency |
Number Number Number Static Dynamic Total Failure (c.p.s.)

3 4400 4200 8, 600 2, 1x10% 220

4 3970 3770 7, 740 9. 23x10% 220

CX 9057 1 3970 3770 7, 740 8. 71104 220

2 3970 3770 7,740 1.346x10% 220

3 3583 3383 8, 965 Void Data — -

4 3583 3383 6, 965 2, 0x106 — 220

CX 9056 1 3583 3383 8, 965 7.65x104 220

2 3583 3383 6, 965 6. 6x104 220

EX-78780 CX 9097 1 4900 4700 9, 600 5.28X10% 220
2 4900 4700 9, 600 6. 6x104 220

3 4900 4700 9, 600 5. 94x104 220

4 5500 5300 10, 800 4. 62x10% 220

CX 9098 1 5500 5300 10, 800 4. 125X104 220

CX 9095 1 5500 5300 10, 800 4. 62x10% 220

2 4420 4220 8, 640 2, 0x109 220

3 4420 4220 8, 640 1. 85X109 220

4 1420 4220 8, 640 1. 85x10% 220

CX 9096 1 6040 5840 11, 880 1. 32x104 220

2 6040 5840 11, 880 6. 6x103 220

3 6040 5840 11, 880 6. 6x103 220

EX-78782 CX 9113 1 6360 6160 12, 520 9, 5103 220
2 6360 6160 12, 520 Void Data -

3 5730 5530 11,260 5. 3ax104 220

4 5730 5530 11,260 1. 42x10° 220

CX 9112 1 5110 4910 10, 020 1. 18x105 220

2 5110 4910 10, 020 5, 93x10% 220

3 511¢C 4910 10, 020 2, 0X106 — 220

4 4600 4400 9, 000 1607 — 220

CX 9111 1 5730 5530 11, 260 1. 32x104 220

2 6360 6160 12, 520 1. 32x104 220

3 6360 6160 12, 5%0 1. 76x104 220

EX-178784 CX 9072° 1 5250 5050 10, 300 1. 8x104 220
2 5250 5050 10, 300 1. 8x104 220

3 5250 5050 10, 300 8. 6x103 220

4 4220 4020 8, 240 1. 345X10° 220

CX 9070 1 4220 4020 8, 240 2, 0%106 — 220

2 4220 4020 8, 240 3.313x105 220

3 3800 3600 7,400 2.0x106 — 220

4 3800 3600 7, 400 2, 0106 230

CX 9073 1 3800 3600 7,400 3.96x103 220
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Test Fau‘ue Crack Dimensions

:-oounds) Cycles to Frequency Y Corrected (inches) _ Z (degrees)
+-we~mmie Total Failure (c.p.8.) S/N Side |Opposite Side| S/N Side |Opposite Side

) 8, 600 2, 1x104 220 - - - 28

) 7, 740 9. 23x104% 220 0.3637 0. 3657 30 27

Tr 7, 749 8. 71x104 220 0.3737 0.3767 27 30

SR 7, 740 1. 346X10° 220 0. 3587 0. 3647 27 29

oy 8, 965 Void Data — - = = = =

6, 965 2, 0X106 - 220 = - - tam

6, 965 7. 65x104 220 = — - -

6, 965 6. 6x104 220 — - == -

9, 600 5, 28X10° 220 = = 42 45

9, 600 6. 6X104 220 - = - -

9, 600 5. 94x104 220 - - — =

10, 800 4. 62x10% 220 0.3717 0.3717 38 43

’ 10, 800 4, 125x104 220 = = = —

: 10, 800 4, 62x104 220 — = - -

E 8, 640 2, 0X10° 220 - — — =

T 8, 640 1. 85X109 220 = = - —

- 8, 640 1, 85X10° 220 = = — —

“ 11, 880 1. 32x10% 220 - - - =

- 11, 880 6. 6x103 220 - o = =

" 11, 880 c. 6x103 220 — - — =

) 12, 520 9. 5x103 220 0. 3599 0.3699 - -

SNER 12, 520 Void Data - 0.3719 0.3679 = -

9600 11,260 5, 3ax104 220 0. 3669 0. 3659 - —

D 11, 260 1. 42X10° 220 — - - —

=) 10, 020 1.19X105 220 - - - =

- 10, 020 5. 93x104 220 0. 3628 0. 3688 39 41

TR 10, 020 2, 0X106 - 220 - - - -

o 9, 000 100 = 220 - - - -

= | 11, 260 1. 32x10% 220 - - - -

) 12,520 1. 32x104 220 - - - —

) 12, 520 1. 76x104 220 - - - -

10, 300 1. 8x104 220 0.3731 0. 3921 34 32

&l 5 10, 300 1. 8x104 220 0.3911 0. 3941 31 30

SRS 10, 300 8. 6x103 220 0. 3901 0. 3941 35 36

w0 8, 240 1. 345X10° 220 0. 3961 0. 3981 31 39

LR 8, 240 2, 0%106 — 220 - - - -

== | 8, 240 3. 313x105 220 0. 3869 0.3919 34 34

senn 7,400 2, 0106 — 220 — - - -

B 7,400 2. 0X106— 220 - - = —

= 7, 400 3. 96x103 220 0. 3881 0. 3951 35 42




TABLE XI (CONT)

Test }
Part Serial Tooth Load (poun.s) Cycles to Frequency Y Corre
Number Number Number Static Dyramic Total Failure (c.p.s.) SN Side
2 3800 3600 7,400 8. 58x104 220 0. 3821
3 3800 3600 7,400 7. 1x104 220 —
4 41735 4535 9,270 1. 76x104 220 0. 3881
CX 9071 1 4735 4535 9,270 3. 16x10% 220 —
2 4735 4535 9,270 Void Data - -
3 4735 4535 9,270 1. 85x104 220 -
EX-78786 CX 9013 1 5295 5095 10, 390 1.057x104 220 0.3842
2 5295 5095 10, 390 9. 23x10° 220 0. 3862
3 5295 5095 10, 390 9. 9x103 220 0.3872
4 4260 4060 8,320 9. 77104 220 -
CX 9014 1 4260 4060 8,320 2X106 — 220 —
2 4260 4060 8,320 2x106 — 220 =
3 3830 3660 7,490 2x106 — 220 —
4 3830 3660 7,490 2x108 104 220 —
CX 9015 1 4715 4575 9, 350 2. 64x164 220 -
2 4715 4575 9, 350 2. 64x104 220 —
3 4775 4575 9,350 5. 28x104 220 -
4 4260 4060 8, 320 9, 2x104 220 0. 3822
EX-78773 CX 9076 1 678 658 1,335 2. 0X10%— 240 =
2 1198 1178 2,375 1. 0X10° 240 -
3 1198 1178 2,375 1. 58x105 240 =
4 1198 1178 2,375 4. 32x10% 240 =
CX 9077 1 1303 1283 2,585 2, 1x104 50 0. 1830
2 1303 1283 2,585 2, 4x10% 50 0. 1860
3 1303 1283 2, 585 1. 5x104 50 0. 1830
4 1073 1053 2,125 2. 0x108 — 240 0. 1870
CX 9075 1 1073 1053 2,125 1. 20x10% 240 0. 1849
2 1073 1053 2,125 5. 04x104 240 -
3 1073 1053 2,125 2, 8a8x104 240 -
4 1198 1178 2,375 3. 96x10% 240 -
CX 9074 1 1198 1178 2,375 2. 11x104 240 0. 1829
2 1198 1i78 2,375 1. 85x104 240 -
3 966 946 1,912 1. 05x10% 240 =
4 966 946 1,912 2x10% — 240 -
CX 9078 1 966 946 1,912 3. 16X104 240 0. 1829
EX-78715 CX 9099 1 1135 1115 2,250 2, 0X106 — 240 -
2 1198 1178 2, 375 2.0X107 — 240 -~
3 1303 1283 2, 585 1, 296x10° 240 —
4 1303 1283 2, 585 3. 6x10% 240 0. 1675
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Test

Fatigu'e Crack Dimensions

1 (pounds) Cycles to Frequency Y Corrected (inches) Z (degrees)
ynamic Total Failure (c.p.s.) SIN Side |Opposite Side | S/N Side [Opposite Side
1600 7,400 8. 58x10% 220 0. 3821 0. 3891 34 36
1600 7,400 7. 1X104 220 - - - —
1535 9,270 1. 76x104 220 0. 3881 0.3911 36 38
535 9,270 3. 16X104 220 — = — —
535 9,270 Void Data — — - - -
535 9,270 1. 85x104 220 - — = —
1095 10, 390 1. 057x10% 220 0.3842 0. 3882 36 35
1095 10, 390 9. 23x103 220 0. 3862 0.3872 33 33
095 10, 390 9. 9x103 220 0. 3872 0. 3932 33 32
060 8, 320 9, T7x104 220 — s — -
060 8, 320 2x106 - 220 — - - -
060 8, 320 2x106 — 220 - - - -
660 7,490 2x106 — 220 — — - -
660 7,490 2x106 -107d 220 o= —: = -
575 9, 350 2, 64x104 220 - - 30 -
575 9, 350 2. 64x104 220 - -— - -
575 9, 350 5. 28x104 220 — — — =
060 8, 320 9. 2x104 220 0. 3822 0. 3852 30 36
658 1,335 2. 0x105— 240 -~ — — -
178 i, 375 1. 0X10° 240 = - = =
178 2,375 1. 58X109 240 - - - -
178 2,375 4, 32x104 240 — - - -
283 2,585 2, 1x104 50 0. 1830 0. 1880 31 38
283 2,585 2, 4x10% 50 0. 1860 0. 1830 31 36
283 2,585 1. 5x104 50 0. 1830 0. 1830 30 35
053 2, 125 2, 0x106 - 240 0. 1870 0. 1800 33 26
053 2,125 1. 20x10% 240 0, 1849 0. 1859 28 37
053 2,125 5. 04x10% 240 = = = —
053 2,125 2, 88x10% 240 — — - -
178 2,375 3, 06x10% 240 — - — —
178 2,375 2. 11x10% 240 0. 1829 0. 1849 29 32
i7s 9,375 1. asx10% 240 = — - -
946 1,912 1. 05X10° 240 — - - —
946 1,912 2x10% — 240 - - — -
946 1,912 3. 16x10% 240 0. 1829 0. 1809 30 31
115 2,250 2, 0X106 — 240 - - - -
178 2,375 2.0X107 - 240 - = — -
283 2, 585 1. 296X10° 240 == = = =
283 2, 585 3. 6x10% 240 0. 1675 0.1715 — -




TABLE XI (CONT)

Test o
Part Serial Tooth Load (pounds) Cycles to Frequency |
Number Number Number Static Dynamic Total Failure (c.p.s.)

CX 9033 1 1460 1440 2, 900 2. 4x10% 50
2 1303 1585 3,190 1, 8x104 50

3 1605 1585 3,190 2. 1104 50

4 1765 1745 3,510 1. 65x10% 50

CX 9034 1 1160 1140 2,300 2x106 — 240
2 1160 1140 2, 300 2x106 — 240

3 1330 1310 2, 640 2x108 — 240

4 1330 1310 2,640 2x106 — 240

EX-78783 CX 9025 1 1160 1140 2, 300 2x108 — 240
2 1160 1140 2, 300 2x106 - 240

3 1330 1310 2, 640 1. 73X10° 240

4 1330 1310 2, 640 4.03x10° 240

CX 9026 1 1460 1440 2, 900 2. 0x108~ 240
2 1460 1440 2, 900 1. 008x10° 240

3 1510 1490 3, 000 2, 52x104 50

4 1510 1490 3, 000 1. 98x104 50

CX 9027 1 1510 1489 3, 000 4. 32x104 50
2 1660 1640 3, 300 1. 95x10% 50

3 1660 1640 3,300 1. 5x10% 50

4 1660 1640 3,300 2. 55x10% 50

CX 9028 1 1810 1790 3, 600 1.44x10% 50
2 1810 1790 3, 600 1. 53x10% 50

3 1810 1790 3, 600 7. 5%103 50

CX 9029 1 1460 1440 2, 900 2. 68x10° 240
2 1460 1440 2, 900 5. 76X10° 240

3 1330 1310 2, 640 7. 2x103 50

4 1330 1310 2, 640 2. 1104 50

EX-78785 CX 9035 1 1200 1160 2, 360 1. 15X10° 240
2 950 928 1,878 3. 6x10% 240

3 850 800 1,850 107 — 240

4 890 860 1. 750 107 — 240

CX 9037 1 1100 1080 2, 180 4, 32x104 50
2 1100 1080 2, 180 5. 04x104 50

3 1040 1020 2, 060 1.29%10° 50

4 1040 1020 2, 060 1.512X10° 50

CX 9038 1 1160 1140 2, 300 9,37x104 50
2 1160 1140 2, 300 4, 5X10% 50

3 1160 1140 2, 300 1. 62x104 50

4 1100 1080 2, 180 2. 16x10% 50
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Test Fatigue Crack Dimensions
l.oad (pounds) Cycles to Frequency Y Corrected (inches) Z (degrees)
Dynamic Total Failure (c.p.s.) S/N Side | Opposite Side | S/N Side | Opposite Side
1440 2, 900 2. 4x104 50 0. 1769 0. 1769 31 33
1585 3, 190 1. 8x104 50 0.1789 0. 1769 34 34
1585 3,190 2. 1x10% 50 0. 1789 0. 1789 32 37
1745 3,510 1. 65x104 50 0. 1759 0. 1759 31 36
1140 2, 300 2x106 — 240 -t - - -
1140 2, 300 2x108 — 240 — — - -
1310 2, 640 2x108 — 240 = = - -
1310 2,640 2X106 — 240 s - —_ -
1140 2,300 2x106 — 240 - - - -
1140 2, 300 2x105 — 240 - — - -
1310 2, 640 1. 73X10° 240 = - - -
1310 2, 640 4,07X10° 240 = - - —
1440 2, 900 2. 0x105— 240 - — - —
1440 2, 900 1. 008X10° 240 - = - —
1490 3, 000 2. 52x104 50 0. 1807 0. 1857 32 41
1490 3, 000 1, 98x10% 50 0. 1847 0.1847 36 37
1490 3, 000 4, 32x104 50 s - - -
1640 3, 300 1. 95x10% 50 0, 1867 0. 1827 35 36
1640 3, 300 1,5x10% 50 0, 1787 0. 1807 34 36
1640 3, 300 2, 55x104 50 — - - —
1790 3, 600 1. 44x10% 50 = — - —
1790 3, 600 1.53x104 50 - - - —
1790 3, 600 7. 5X103 50 - — — —
1440 2, 900 2, 68x107 240 0. 1720 0. 1740 31 33
1440 2, 900 5, 76X10% 240 - - - -
1310 2, 640 7.2X10 50 — - - -
1310 2, 640 2. 1x104 50 - - - -
1160 2, 360 1, 15X10° 240 0. 1891 0. 1871 28 31
928 1,878 3. 6x10% 240 - - - -
800 1, 650 107 - 240 - - - —
860 1. 750 107 — 240 s - - —
1080 2, 180 4, 32x104 50 — - - -
1080 2, 180 5. 04X10% 50 - - - —
1020 2, 060 1, 29X10° 50 - — - —
1020 2, 060 1.512x10° 50 - - - —
1140 2,300 9. 37x10% 50 0. 1901 0.1921 26 32
1140 2, 300 4, 5x104 50 - - - —
1140 2,300 1. 62x104 50 - — — —
1080 2, 180 2. 16x10% 50 - — - -
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TABLE X1 (CONT)

Test
Part Serial Tooth Load (pounds) Cycles to Frequency |
Mumber Number Number Static Dynamic ~ Total Failure (c.p.s.) SIN:
EX-78787 CX 9114 1 1160 1140 2, 300 4. 32x10% 240
2 1160 1140 2, 300 1. 87X10° 240
3 1160 1146 2,300 A 3><105 240
CX 9115 1 1100 1080 2,180 10 240
2 1100 1080 2, 180 6. 91X105 240
3 1100 1080 2,180 107 = 240
4 1100 1080 2,180 107 — 240
CX 9116 1 1285 1265 2, 550 6. 9x104 50 0.1
2 1285 1265 2,550 4, 2x104 50 0.1
3 1285 1265 2,550 3. 6x104 50 :
4 1415 1395 2,810 2, 85104 50
CX 9117 1 935 915 1, 850 107 — 240
2 935 915 1, 850 107 = 240
3 980 970 1,950 107 - 240
4 980 970 1, 950 107 — 240
CX 9118 1 1415 1395 2, 810 3x104 50 0.1
2 1415 1395 2,810 2. 94x10° 50
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Test Fatigue Crack Dimensions
~.unds) _ Cycles to Frequency Y Corrected (inches) Z (degrees)
4mic Total Failure (c.p.s.) [S/N Side | OppositeSide | S/N Side | Opposite Side
! 2,300 | 4.32x10% 240 . — 26 27
| 2, 300 1. 87X10° 240 - = - -
1 2, 300 7. g><105 240 — — = ==
; 2, 180 10 240 = = - —
} 2,180 6.91X109 240 = — — —
; 2,180 107 — 240 = = — -
; 2,180 107 — 240 - — — -
2, 550 6. 9x104 50 G. 1890 0.1920 27 32
2, 550 4, 2x104 50 0. 1890 0. 1930 27 32
- 2,550 3. 6x104 50 — — — —
~ 2, 810 2, 85x104% 50 - - — -
1, 850 107 - 240 - = — —
1, 850 107 = 240 - — — =
1, 950 107 - 240 — - = —
1, 950 107 — 240 — — — -
2,810 3x10% 50 0. 1843 0. 1893 25 34
2, 810 2. 94X10° 50 S —~ — -




rework involved fabricating tips with carburized surfaces, The carburized surfaces
did not distort under high load; thus, carburizing appeared to be a desirable process
for this type of testing. It is believed that the difficulties encountered did not affect
the data because each condition was recognized early and was corrected.

Another difficulty involved tip rotation under high lcads during the fatigue test of the
4.0-inch-pitch-diameter gears, By rotating, the load point was changed; thus, one data
point was affected and was discarded. To prevent rotation, a small piece of shim stock
was spot-welded to the outside diameter of the tip and load cell, locking the two together
and preventing rotation,

Gage Locating Block

Interference between the gage locating block and the stub tooth was discovered early in
the program. This interference would have prevented true angular positioning of the
gear tooth on the contact surface of the tip, thus defining a load point other than the high
point of single tooth contact. The gage blocks were reworked for clearance; no data
points were affected.

Bias Spring
The original bias spring had a spring rate of 2000 pounds per inch, which was not
sufficient to preload the 4. 0-inch-pitch-diameter gears. Therefore, springs with a

spring rate of 20, 000 pounds per inch were purchased to satisfy the preload require-
ments,

Load Cell

It was discovered during the rework of the tips that the squareness and flatnecss of the
tip surface mating with the load cell affected load cell calibration. The rework that
most effectively corrected this difficulty was lapping of the two surfaces, Once good
surface contact was established, the difficulty was eliminated. A number of data
points (32 total) were atfected by this condition, A series of tests was conducted where
this condition existed; the test was duplicated. This yielded a correction factor which
was applied to the affected data points, It is believed that the data were corrected with
sufficient accuracy ‘o avoid distortion of the final evaluation,

Test Frequency

The gears having a diametral pitch of 12 were tested at two frequencies—50 and 240
c.p.s. The frequency of 240 c.p.s. was at systern resonance. The 50-c,p.s. fre-
quency was selected for use at the higher test loads to provide increased duration of
fatigue test time. The time required to establish the test rig load was thereby main-
tained small when compared with the fatigue time at load. The literature indicates that
less than a 2-percent difference in fatigue life would be expected from this change in
frequency (reference 20), A similar nonresonance operating procedure was not possihle
with the gears having a diametral pitch of 6 without overloading the shaker. Quicker
establishment of the load on the larger gears was possible without overloading, so there
was no strong requirement for a drop in test frequency.

FAILED GEAR TOOTH CRACK MEASUREMENTS

A comparison was made of the calculated location of the weakest section of each
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tooth and the actual location. To do this, the crack in each failed tooth was measured
and recorded, See Table XI. The bar charts in Figures 39 and 40 summarize the
results of this investigation. For each config.iration, the location of the crack at the
tooth surface was measured from the outside diaineter and center line of the tooth,
within an estimated 0. 002 inch. The average di.»“nsion corrected for outside diameter
variations is plotted for comparison with the theoretical locations as determined by

both Lewis and Kelley-Pedersen construction. 7The charts indicate that for all configura-
tions, Kelley-Pedersen construction locates the weakest scction of the tooth closer to the
actual measured location than does Lewis construction, The gears having a diametral
pitch of 12 show the measured location to be, on the average, 0.015 inch closer to the
root than the Lewis theoretical locations, In the gears having a diametral pitch of §,

the deviation is proportional or 9, 030 inch closer to the root than the calculated Lewis
location. For a graphical presentation of these data, a typical tooth profile trace of
each configuration was made. Two such traces are shown in Figures 41 and 42, The
weakest section is shown on each trace as calculated by Lewis and Kelley-Pedersen

and as measured.

It would be natural to conclude from the examination of these results alone that the
Kelley-Pedersen construction provides a more accurate means to locate the true weakest
section of the tooth. However, fatigue test data have already shown that the AGMA
stress formula using the Lewis tooth form factor most nearly approximates the endurance
characteristics of the gear material, The reason for this paradox may be the change of
tooth geometry as the tooth deflects under load. Another possibility is the Kelley-
Pedersen stress formula, which was derived from a photoelastic study. It may be
assumed that the method derived for locating the weakest section is accurate, as the
experimental data show. However, the stress concentration factor employed may re-
quire modification to obtain a stress value comparable to the true stress in the material.
Unfortunately, further pursuit of this phase of the investigation was not possible within
the scope of this program; it should be considered, however, in future studies.

Crack measurements were obtained on twelve EX-78774 gears (configuration 3), These
data were statistically analyzed to calculate a standard deviation of 0.48X10-4 and a
variance of 0,234X10-4 from the 0. 3581 corrected average "Y' value for this configura-
tion. These data tend to indicate the consistency of fatigue test gear manufacturing and
test,

METALLURGICAL INVESTIGATIONS

Metallurgical examinations of failed test gears were conducted to determine mode of
failure, origin of failure, microstructure, case depth, hardness gradient, and material
cleanliness.

Six gears were submitted for metallurgical investigation as follows:

Part Number Serial Number
EX-78173 CX 9077
EX-78775 CX 9100
EX-78777 CX 9059
EX-78779 CX 9104
EX-78782 CX 9113
EX-78784 CX 9069

62




*(21 = yo)d renpwWelq) Iajawerq SpISIQ

[e3H WoJld UOIJIAS ISOXBIM JO UOIIEIOT pPaje[more)
Y3t p paredwo) sanjdoeag JO UONIBDOOTT °Qf 2andrg

am . ‘vd ,02—$
u 114
HEIE SRR SE . puno. ¥ 080 °0
amm |4ll - vd 02—¢
RO T O TR T 1Bl
nmopuoounnuooinrn uc:owomcmo.o
-lil ll+ll vd ,02~1
0o 0 00t 0 002 0 0010
dij w044 Saydu|—uoneIa) ainyiely uoneanbyuo)

uasJapad-A3jay nim
uonejnde) SIM nunn
uo0ljed0] painseay mam 3P0)

‘(9 = Yo31d [exjowel(q) J3j2WEL] PISIO

Jean woJg UOI}I3S JSONBIM JO UOTIED07] pPIartemored
M paredwo) aanjoead jo uoljedo] “g¢ dI3rg

1Bl esd
-aMosd ¥ £90°0
‘vd ,62—S1

1111 esd
-qMo:d ¥ 050°0
'Vd ,$2—¢€1

1B
puno.i9 y /90°0
'¥d ,$2—11

i1l punosg
¥050°0 ‘vd ,S2—6

131114 et
-qnjoid ¥ 080°0
‘vd 02—!¢

1911}4 Jues2
-qnjoid ¥ 000

IO TR NI PR E O AR QIR O IR IO RN IRONRRNNEINNY wiii4 yuess
SIEIEEIE SISm0 Y €00
D S Y A SR N R S G vd ,Z—91

TG OO ) LT EE T (LT T Wil wesd
pmIE(EImIs Azx..:_ ¥.520°0
1 ] - [ ] ] - vd ,S2—¥1

T T (T T T T Wiy
nejeimim punol9 ¥ €€0°0

11 7 [ 1 T T [ ‘vd ,2—21

nQununnupssisissanInm 191114 puno1y
(11 11 01 1 ] ¥ S20°0
[ _ ] 1 ] [ ] ‘vd ,§2—01

T (R LD L T T 19114 esd

-qmo2d y ov0°0

T ] - ‘Vd ,02—8
T OO T O CH T T (L NE] EE.o
IeeIEmIBnINIeInI .e.st 4200
L ][] vd ,02—9
(T T LR L T LT LI T T @iy
sIBIEImIE punoJg ¥ w00
] - [T ] 'Vd 02—¥
LT SO O T T L 1214

118I8IN'8INIEIBIBINIBIBIN punolg 3¥620°0

l|1l A N . ‘vd ,02—2
0020 0st 0 001’0 0560
di] wol4 S3YIU|—UO1ed0) 3JN}Iel4 UoneJrbijuoY

uasiapad-Aa||ay B
uone|ne) sima e
uo1}e30] PaINSeay MEEE 3p0)

63



Tooth No. 1

Calculated (Kelley-Pedersen)

Part No, EX-78772 No. 1)
Serial No. CX9092

Load Side of Tooth

Origin of
Failure

Figure 42, Typical Tooth Profile J
Trace-EX-787786.

Figure 41. Typical Tocth Profile
Trace—EX-78772.

Part No. EX-78776 No. 5)
Serial No. CX9008
Tooth No, 2

Load Side of Tooth

Origin of
/Cllcullhﬂ Mhrmi\r/.:?u"
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The following metallurgical conclusions were made.

® Failure of the tested teeth occurred in fatigue.

® The fatigue failures of the tested gear teeth originated in the carburized case
of the root radius below the loaded involute,

® Electron fractographs were used to determine the precise origin of failure,
The failures appeared to be predominantly multiple.

® The microstructure of the carburized case of the various gears was typical
of spheroidized carbides in a martensitic matrix with no indication of carbide
network in the areas of failure in the root radii. The core microstructures
were of tempered martensite.

® The effective case depth, measured to the R, 50 level, was indicated to be
approximately 0,030 inch on test gears (EX-78773 and EX-78775); approximately
0. 040 inch on test gears EX-78777, EX-78779, and EX-78782; and approximately
0. 050 inch on test gear EX-78784.

® The test gear material was clean and free from inclusions,

® The material conformed to the compositional requirements of AMS-6265.

Electron fractographs of the failure surfaces of the four failed teeth of test gear
EX-78784, serial number CX Y069, confirmed a fatigue failure mode on each surface, as
shown in Figures 43, 44, 45, and 46. Visual examination of the failure surfaces of the
failed teeth of all submitted gears revealed similar straight-line failures, some of which
displayed occasional arrest lines of progressing, typical of fatigue, originating in the root
radii, Visual examination of test gear EX-78782, serial number CX 9113, revealed an
additional fatigue failure progressing radially from below the root on the nonloaded

side of a failed tooth to the center of the gear. (This isolated failure, discussed in the
subsection titled Fatigue Tests, was due to localized temperature and was subsequently
corrected by cooling the gear.) Microexamination of transverse sections through the
failure surfaces of failed teeth from each of the submitted gears revealed straight-line
failures typical of fatigue, These failur=s originated in the carburized case structure

in the root radius below the loaded involute, as shown in Figures 47 through 52. The
failures, typically, had multiple origins, indicating equalized loading in clean material.
Unetched, polished specimens revealed good material quality. The microstructures
were of spheroidized carbides in a martensitic matrix with no carhide network in the
case and tempered martensite in the core. A typical core microstructure of tempered
martensite is shown in Figure 53. Effective case depth measured to the R 50 level
varied approximately 0, 030 inch on part numbers EX-78773 and EX-78775; approximately
0. 040 inch on part numbers EX-78777, EX-78779, and EX-78782; and approximately

0. 050 inch on part number EX-78784. Case hardness of the various test gears was

R¢ 61 to 62 at 0. 002 inch below the surface with a diminishing gradient as shown in Table
XII. Spectrographic analysis indicated conformance of the material in the test gears to
the compositional requirements of AMS-6265. Photographs indicating case depths around
root fillet contour are shown in Figures 54 through 59,

Fluorescent penetrant inspection of the test gears indicated that all failures of the
teeth occurred in the root radii, as indicated in Figures 60 through 65. Fluorescent
penetrant inspection of test gear part number EX-78782, serial number CX 9113, re-
vealed an additional radial crack, as shown in Figure 64. Visual examination of the
surfaces of failure revealed flat fractures with multiple origins of failure, but only
occasional arrest lines indicative of fatigue, as shown in Figures 66 through 70.
Visual examination of the failure surface of the radial failure in test gear part number
EX-178782, serial number CX 9113, revealed a smooth failure with arrest lines of
progression, typical of fatigue, originating below the root radius on the unloaded side
of a failed tooth and progressing to the hub, as shown in Figure 71,
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Magnification: 2, 500X ; Magnification: 10, 000X
EX-78784, Serial Number CX 9069

Figure 43. Fractographs of Surface of Failure of Gear Tooth Number 1 Showing
Failure Contour Typical of Fatigue.

Magnification: 2, 500X Magnification: 10, 000X

EX-78784, Serial Number CX 9069

Figure 44. Fractographs of Surface of Failure of Gear Tooth Number 2 Showing
Failure Contour Typical of Fatigue.
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Magnification: 2,500X Magnification: 10,000X

7X-78784, Serial Number CX 9069

Figure 45. ¥ractographs of Surface of Failure of Gear Tooth Number 3
Showing Failure Topography Typical of Fatigue.

Magnification: 2, 500X ‘ Magnification: 10, 060X

EX-78784, Serial Number CX 9069

Figure 46. Fractographs of Surface of Failure of Gear Tooth Number 4
Showing Failure Topography Typical of Fatigue.
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Magnification: 100X
Etchant: Vilella's Reagent
EX-78773, Serial Number CX 9077

Figure 47. Photomicrograph of Transverse Section Through Failure Surface of Failed
Tooth Showing Straight-Line Failure Typical of Fatigue Originating in the Carburized
Case Hardened Root Radius.

Magnification: 100X
Etchant: Villella's Reagent
EX-78775, Serial Number CX 9100

Figure 48. Photomicrograph of Transverse Section Through Failure Surface of Failed
Tooth Showing Straight-Line Failure Surface Typical of Fatigue Originating in the Case
‘Hardened Root Radius.
68
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Magnification: 100X
Etchant: Vilella's Reagent
EX-78777, Serial Number CX 9059

Figure 49. Photomicrograph of Transverse Section Through Failure Surface of Failed

Tooth Showing Straight-Line Failure Surface Typical of Fatigue Originating in Carburized
Case in the Root Radius.

Magnification: 100X
Etchant: Vilella's Reagent
EX-78779, Serial Number CX 7104

Figure 50. Photomicrograph of Transverse Section Through Failure Surface of Failed
Tooth Showing Straight-Line Failure Surface Typical of Fatigue Originating in the
Case Hardened Root Radius,
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Magnification: 100X
Etchant: Villella's Reagent
EX-78782, Serial Number CX 9113

Figure 51. Photomicrograph of 1ransverse Section Through Failed Tooth Showing
Straight-Line Failure Typical of Fatigue Through a Carburized Case on

Martensitic Microstructure.

Magnification: 100X
Etchant: Vilella's Reagent
EX-78784, Serial Number CX 9069

Figure 52. Photomicrograph of Transverse Section Through Failure Surface of Failed
Tooth Showing a Straight-Line Failure Surface Typical of Fatigue Through
Case Hardened Microstructure.
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Magnification: 250X
Etchant: Vilella's Reagent
EX-78777, Serial Number CX 9059

Figure 53. Photomicrograph of Transverse Section Through Test Gear Showing
Typical Core Structure of Tempered Martensite,

Figure 54. Photograph of Section Through Test Gear Showing
Case Depth Around Root Fillet Contour,
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Magnification: 6X EX-78775, Serial Number CX 9100

Figure 55. Photograph of Section Through Test Gear Showing
Case Depth Around Root Fillet Contour.

Magnification: 6X EX-78777, Serial Number CX 9059

Figure 56. Photograph of Section Through Test Gear Showing Case
Depth Around Root Fillet Contour.
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Magnification: 6X EX-78779, Serial Number CX 9104

Figure 57. Photograph of Section Through Test Gear Showing
Carburized Case Depth Around Root Fillet Contour.

Magnification: 6X EX-78782, Serial Number CX 9113

Figure 58. Photograph of Section Through Test Gear Showing Carburized
Case Depth Around Root Fillet Contour.
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Magnification: 6X EX-78784, Serial Number CX 9069

Figure 59. Photograph of Section Through Test Gear Showing Carburized
Case Depth Around Root Fillet Contour.

Magnification: 1X
EX-78775, Serial Number CX 9077

Figure 60. Blacklight Photograph of Test

Gear Showing Cracks Indicated by
Fluorescent Penetrant Inspection
in Root Radii of Tested Teeth,
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Magnification: 1X
EX-78775, Serial Number CX 9100
Figure 61. Blacklight Photograph of Test Gear Showing

Cracks Indicated by Fluorescent Penetrant Inspection in
Root Radii of Failed Teeth.

Magnification: 1X
EX-787717, Serial Number CX 9059

Figure 62. Blacklight Photograph of Test Gear Showing
Cracks Indicated by Fluorescent Penetrant Inspection in
Center Root Radius Adjacent to Failed Tooth.




Magnification: 1X
EX-78779, Serial Number CX 9104

Figure 63. Blacklight Photograph of Test Gear Showing Cracks

Indicated by Fluorescent Penetrant Inspection in Root
Radii of Failed Teeth.

Magnification: 1X
EX-78782,
Serial Number CX 9113

Figure 64. Blacklight Photograph of Test Gear Showing Radial Crack and Failed Teeth.
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Magnification: 1X
EX-78784,
Serial Number CX 9069

Figure 65. Blacklight Photograph of Test Gear Showing Cracks Indicated by
Fluorescent Penetrant Inspection in Root Radii of Teeth 1, 2, 3, and 4.

Magnification: 9X
EX-78773, Serial Number CX 9077

Figure 66. Photomicrograph of Surface of Failure of Tooth From Test Gear.
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Magnification: 9X
EX-78775, Serial Number CX 9100

Figure 67. Photomicrograph of Surface of Failure of Failed Tooth From Test
Gear Showing Flat Failure in Root Radii of Teeth.

Magnification: 9X
EX-78779, Serial Number CX 9104

Figure 68. Photomicrograph of Surface of Failure of Tooth From Test Gear.
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Magnification: 9X EX-78782, Serial Number CX 9113
Figure 69. Photomicrograph of Surface of Failure of Tooth 1 of Test Gear Showing

Multiple Origins of Failure in Root of Loaded Involute — No Typical Arrest Lines of
Fatigue Progression.

Magnification: 9X EX-78782, Serial Number CX9113
Figure 70. Photomicrograph of Surface of Failure of Tooth 3 of Test Gear Showing _
Multiple Origins of Failure and No Distinct Arrest Lines Typical of Fatigue Progression.
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Figure 71

Magnification: 5X
EX-78782
Serial Number CX 9113

Marks of Fatigue Progression From Below the Root to the Hub.

TABLE XII
RECORD OF HARDNESS GRADIENT TESTS OF TEST GEARS

Photomicrograph of Radial Surface of Failure of Test Gear Showing

Depth Below

R, Readings

Carburized EX-78773 EX-78775 EX-78777 EX-78779 EX-78782 EX-78784
Surface (inch) ~CX 9077 CX 9100 CX 9059 CX 9104 CX 9113 CX 9069
0,002 61 62 61 62 61 61
0. 005 61 61 60 61 61 61
0.010 60 60 58 59 60 62
0.015 56 58 57 55 57 62
0. 020 55 58 57 54 KT 57
0.025 55 54 55 54 95 57
0.030 51% S51% 53 55 53 56
0.035 46 46 51 55 51 56
0. 040 42 45 51% 53% 48% 55
0. 045 40 44 47 47 46 52
0. 050 42 45 46 48 46 52%
0. 055 42 43 45 46 44 48
0. 060 41 43 45 45 43 45
0. 065 41 41 42 44 44 46
0.070 41 41 42 43 43 45
0.075 - - - 42 42 45
0. 080 - —_ - - 42 45
0. 085 = — — - - 43
0. 090 - - - - - 43

* Approximate effective case depth,

All hardness readings were taken at the root radii adjacent to the failure surface.

80




R. R, MOORE TESTS>

R. R. Moore test specimens were manufactured from the same heat of material as the
test gears. Manufacturing followed heat treating and grinding routings used for the
gears as closely as feasible., The process routing for the specimens is presented in
Table XIII. The test results are given in Table XIV,

TABLE XIII
SPECIMEN PROCESS ROUTING PROCEDURE

1. Carburize and anneal per EPS* 202 to an effective case depth of 0.035 inch as
determined by the fracture specimen.
2. Harden and temper per EPS 202 and PCI** 8000 and stabilize per EPS 202,

Core Hardness —R. 40
Case Hardness—R5/N 90 (R¢ 60)

Grit blast with 80-grit shot.

Remove 0,010 to 0,016 inch from outside diameter by grinding.
Stress relieve per EPS 202 and PCI 8000,

Nital etch per EISt 1510,

Shot peen per EPS 12140 followed by EPS 12176.

Stress relieve per EPS 202 and PCI 8000,

. Coat with black oxide per AMS-2485.

OO0 -3™ WU b W

* Allison Engineering Processing Specification.
*% Allison Process Control Instruction,
t Allison Engineering Inspection Specification.

EXPERIMENTAL INVESTIGATIONS

In this phase c. the program, photostress and strain gage measurements were used to
investigate the location and magnitude of the maximum bending stress.

By cementing a sheet of special plastic* o the gear face (actual fatigue test gear) and
trimming to the contour of the test tooth, it was possible to obta.n indications of stress
distribution, stress values along the tooth contour, and maximum stress locations.

A large field reflection polariscope (LF/Z meter) and a telemicroscope were used to
study in some detail the point of high stress.

To complement the photostress analysis, strain gages were installed in the root of the
gear tooth at the theoretical point of maximum stress as shown in Figure 72. The gear
was mounted to the fatigue test rig and loaded by means of the bias spring.

The protuberance hobbed gear, part number EX-78776 (with a 20-degree pressure angle
and a minimum fillet radius), was selected for stress analysis.

The plastic sheet manufacturer supplied the calibration of the optical strain constant
of 1080 microinchbes per inch per fringe or tint-of-passage (sharp line between red and
blue).

*Special birefringent material, plastic sheet type S, 0,120 inch thick, Model Number
X-10062, Instruments Division of The Budd Company, Phoenixville, Pennsylvania
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TABLE XIV
R. R, MOORE TEST RESULTS

====‘F=———_T=i — — =i
Surface
Specimen Stress Test Cycles* Finish Failure Failure
Number (p.8.i.) (x 103) (microinches) Origin Loeztion
18 130, 000 106, 584 23 tu 27 Terminated —
17 135, 000 105, 951 25 to 28 Terminated —
2 140, 000 101, 234 30 to 35 Terminated —
6 140, 000 102, 384 25 to 30 Terminated —
15 140, 000 111,435 20 to 25 Terminated —
14 150, 000 74 25 to 30 Surface Off center %%
1 150, 000 128 32 to 37 Surface Slightly off
centert
4 150, 000 50, 683 30 to 35 Subsurface ** Center}
13 150, 000 90, 852 28 to 32 Surface Slightly off
center
11 150, 000 103, 034 8to 13 Terminated —
10 160, 000 44 25 to 28 Surface Ceiter
7 160, 000 134 12 to 20 Surface Off center
5 160, 000 3,317 25 to 30 Surface Center
3 160, 000 6,061 30 to 35 Surface Center
i6 170, 000 74 25 to 30 Surface Slightly off
center
9 170, 000 114 20 to 25 Surface Center
8 170, 000 187 10 to 15 Surface Center
12 170, 000 228 28 to 32 Surface Center
* Arithmetic average.
*%k Within effective case.
§ Center is midpoint of specimen,
t Slightly off center is 1/16 to 1/4 inch from midpoint,
*%%  Off center is 1/4 to 1/2 inch from midpoint.

The photostress gear was statically loaded in 1000 -pound increments, Readings were
taken at each 1000-pound step, and photographs were taken at zero and 4000 pounds,
This load limit was chosen as the stopping point because the concentration of strain
was so confined and we3 beyond the reading capacity of the LF/Z meter.

The greatest stress concentration, as measured by the LF/Z meter, occurred at the
calculated point for the placement of the strain gages. The strain rate was 1080
microinches per inch (32,400 p,s.i.) per 1000 pounds of load by photostress and 1140
microinches per inch (34, 200 p. s.i.) by strain gage. Figure 73 illustrates the stress
distribution for the 4000-pound load point. Since monoachromatic light was not used,
both isoclinic lines (lines of stress direction) and tints- of-passage are seen as the
darker lines and cannot be defined without the aid of the color photographs.
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- 0.120-Inch-Thick Photostress Sheet

File Photostress Plastic to Tooth
3 Contours

4x
1
face A
2 +€ Grid Adjacent
to Broken Edge

Typical Strain Gage Location

Lead Wire
Routing
EA-06-031DE-120

1. 790-1nch-Radius for P/N EX-78776

'}

Figure 72. Schematic of Instrumentation on Photostress Gear.

To permit comparison of calculated stresses with actual measured stresses, one tooth
from each of the eight 4-inch-pitch-diameter gears was instrumented with strain gages.
Static strain versus load at the high point of single tooth contact was obtained. Each gear
was instrumented with strain gages as shown in Figure 74. The radial iocation of the
gages was at the expected crack point based on crack measurements from the gears
(diametral pitch = 12) that were available at the time,

The gears were tested on the fatigue test rig using the same procedure for installation

as used for fatigue and photostress tests, The results of the data are shown in Figures
75 and 76. The gages were located on the tension side except for one on the compression
side of one gear.

DYNAMIC TESTS

The effect of speed on bending stress can be categorized as follows.

® Centrifugal stress, a steady-state stress at any particular speed caused by
internal forces. As noted in Figure 77, this effect consists of tensile stresses
in the tooth and hoop stresses in the gear rim,

® Dynamic stress, a cyclic stress with a constant peak magnitude at any partic-
ular speed caused by tooth load, imperfect tooth meshing, load sharing, and
other geometrical and manufacturing properties of the gear., It is cyclic
since it occurs only when the tooth is under load, e,g., in mesh with a mating
gear, This is shown graphically in Figure 73,
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Figure 73. Gear Tooth Showing Photostress Pattern at 4000-Pound Load.
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Lead Wire
Path Strain Gage Mounting Procedure

Ll X 3 1. Vapor blast to remove black
oxide.
Typical Gear 2. Wipewith W. T. Bean

Configuration neutralizer.
o 1 : 3. Attach strain gage with Eastman

B No. 910 contact cement.
Gear ¢ 4. Protect gage with Dow Corning
+ silicon wax fluid F145,
2X 5. Attach 4-foot-long lead wires.

EA-06-031DE-120—
Two Required per
Tooth
*Strain gages to be installed
on both A and B faces on
this gear.

Pitch  |Pressure

Part DiameterjAngle  |Serial [Tooth

Number |linches) |(degrees) Number|Number|Radius, R

EX-78772 | 4.0 20 [CX9090| 4 1.7959
Lay out scribe marks EX-78774 | 4.0 20 |CX9066] 1 1. 8023
as shown on both sides. |EX-78776 | 4.0 20 |CX9007] 2 1.7713
Then draw line between  [EX-78778 | 4.0 20 |CX9056{ 3 1.7781
scribe marks. Locate
strain gage gridon 3
scribe line adiacent fo EX-78780° 4.0 25 |CX9096| 4 1. 7804
edge break on face A. EX-78782 | 4.0 25 ICX911l1] 4 [ 1.8058

EX-78784 | 4.0 25 [CX9071| 4 1.7741

A'ZQ EX-78786 | 4.0 25 |CX9012{ 1 1. 7751

Figure 74. Schematic of Strain Gage Instrumentation for 4-Inch-Pitch-Diameter Gear.
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" EX-78776 Tension
° Pressure Angle
? P EX-78774 Tension
6000 I‘ _ i
EX-7877|8 Tension
/P EX-T8772 Tension
e
£
=
E
(=]
=
T
i =
o
n
L 100 200 3000 40 5000 6000 7000

Rig Load—Pounds

Figure 75. Calibration Curve for Gear Test Rig— 20-Degree Pressure Angle.

As shown in Figure 78, doubling the speed not only increases the frequency of the
dynamic stress, but also raises the centrifugal stress level and the amplitude of the
dynamic stress,

To better understand the effects of speed on gear tooth bending stress, a gear was in-
strumented and strain data were recorded during actual running conditions. Data were
recorded to 26, 500 feet per minute pitch-line velocity. The gear tested was the pro-
peller brake outer member (part number 6829395) in a 501-D13 turboprop engine gear-
box. The instrumentation consisted of strain gages located on the tooth as shown in
Figure 79. One tooth had gages located on the tension side and another tooth, 180 de-
grees, had gages on the compression side. Two gages were located in the root and
two at the point of expected maximum stress in the root fillet.
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7000

25° Pressure Angle

g

EX-78786 Tension
EX-78784 Tlension
5000 |— AEK»?E?BE_Ten sion

EX-78780 Compression
EX-78780 Tension

Strain—Microinches/Inch

0 1000 2000 3000 4000 5000 6000 7000
Rig Load—Pounds

Figure 76. Calibration Curve for Gear Test Rig— 25-Degree Pressure Angle.

By means of electronic test data recording, the centrifugal stress and the dynamic
stress were separated. This was possible since centrifugal stress is a steady-state
stress and dynamic stress is a cyclic stress. The centrifugal stress was obtained by
taking strain gage readings under zero-load conditions at various speeds. The dynamic
stress was taken under loaded conditions and was the peak strain reading above the
centrifugal base line.

The gear train used is shown schematically in Figure 80. The power input was through
the main accessory drive gear which mated with the test gear. The load was applied
by means of a2 water brake attached to the alternator drive. To calibrate the strain
gages, torque was applied in a static condition. The instrumented tooth was rolled
through the highest load point for maximum stress calibration. This setup is shown in
Figure 81, The test gear and mating gear meet AGMA class 10 to 12 tolerances. The
gear geometry and tolerances are shown in Figure 82,
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Radial Tensile Stress

Hoop Stress (Circumferential Tensile)

Dynamic __—Tangential Tooth Load

Cyclic Bending Stress
vy

AGMA Stress

Figure 77. Gear Tooth Bending Stress Schematic,

NANINMN N

Speed = 2N
Centrifugal Stress Peak Dynamic Stress

Stress i
—| 1 Revolution p—
4 A A yd A

Speed = N -

Time —

Figure 78. Diagram Showing Effect of Speed on Gear Tooth Stresses.
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Figure 79. Dynamic Test Gear Strain Gage Instrumentation.

To isolate the stresses due to speed effects in the tooth root, the instrumented gear was
first tested at zero load in the reduction gearbox. Using a three-wire strain gage hookup
and allowing gearbox oil temperatures to stabilize, strain due to centrifugal loads was
recorded. Testing was conducted at essentially zero tangential loads for speeds vary-
ing from 10, 000 to 15,000 r.p. m. Figure 83 shows the centrifugal strain (tension) on
the gear tooth.

The gear was then loaded by means of a water brake to obtain stress versus speed data.

The strain gage instrumentation was routed through a slip-ring assembly, and the gage
signal was recorded by a 16-channel Miller oscilloscope recorder. The gear was tested
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13,820 r.p. m.
68 Teeth

Accessory Drive 10 Diametral Pitch

(6829396)

Test Gear (Prop Brake)
(6829395)

66 Teeth
10 Diametral Pitch

31 Teeth
10 Diametral Pitch

965 .9, m.
% WA 74 Teeth

Water Brake 10 Diametral Pitch

.A M
Power Absorption Iternator Drive

Figure 80. Schematic of T56 Propeller Brake Gear Train.

at speeds of 10,000 to 15,530 r. p. m, and tangential loads of 350 to 950 pounds, Figure
84 shows data from four strain gages. The data shown represent the average strain

range at the speed at which the gear was tested. Of the eight gages installed, only these
four survived the testing schedule.
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T56 Gearbox Used for Dynamic Gear Test.

Figure 81.
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Propeller Brake Outer Gear 6829395
(dynamic test gear)

Accessory Drive Gear 682939% (drivin, - 1r)

10 pitch
66 teeth
25° Pressure Angle

Distance over two 0. 1728-dia pins

+0. 0000
-0.0041

PD run-out, 0.002

Face width, 0.375
Arc tooth thickness at PD

+0. 0000
-0..0020

Base circle diameter —5, 9816

6. 8370

0. 1541

GEAR TOOTH CONTROL GEAR TOOTH CONTROL
INVOLUTE PROFLE TOLERANCE INVOLUTE FROFILE TOLERANCE
SIDE A (Driven)| 00 | SIDE 8 (Coast) SIDE A (Drive) | OO |SIDE B {{;oa'.t}
XL 008 1 +0.0003 * +0.0005 opg +0. 0007
3,30 -0, 0007 3.30 | \-0.0001 -0, 0003
4.3° | ]+0.0005 pp +0.0006 | 4.1° +0,0007 pp +0.0008
15.1U 1-0.0000 [15.20 +0. 0003 +0. 0002
 7.6° cA 7.4°
21.0U / 27.00 1 G
8.5° J AFD ! iy !
30.3 U ﬁ%u -
30.9°
Fﬁﬂ o0 &co “'112 70 Bco
SPACING TOLERANCE SPACING TOLERANCE
4 _0.0005 8_0.0007 A__0.0005 80,0007
LEAD TOLERAN 7
, LU R G067 v 0.000s fFAD TOLERANGE o
A 00005 LH_ 8 5.0007 (H A 0,0005 LH 8 0.0007 LH
FULLNESS TOLERANCE FULLNESS TOLERANCE
40,0006 8 o 0007 4_0.0006 8 7
~0.0002_ 000T 0000 0.0002 , 0001
MAXIMUM HOLLOW IN FORAI'__ MAXIMUM HOLLOW IN FORM __0.0002
NOTE U=/UNIT=00147 IN. NOTE U~ /UNIT=0,0/47 IN.
Maximum fullness to occur within Maximum ‘uliness to occur within
0.7° 2.5U) of PD. 0.7°(2.6U) of PD.

10 pitch
68 teeth
25° Pressure Angle

Distance over two 0.1728-dia pins

+0. 0000
-0.0041

PD run-out, 0.002

Face width, 0.628
Arc tooth thickness at PD

+0. 0000
-0. 0020

Base circle diameter—6.16 29

7.0370

0.1541

0.006 to 0.010 backlash with mating gear on STD centers

Figure 82, Dynamic Test Gear and Driving Gear Geometry and Tolerances.
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Tension Strain—Microinches/Inch

T Tooth '
Strain
1AQ _~Prop Brake Gear
1000 IC &
2R 0 Strain Gage
¢ 0 Location on Tooth
0 —— &
800 0 — Tooth A To Tooth C 180° Apart 4
L]
4 &
l |
600 i / 1
i _ /gfé'g
m . y '-r‘-. - /ﬁll
--""'U
0 2 4 6 8 10 12 14 16
Prop Brake Gear—r.p. m. x 1000
Figure 83. Effect of Speed on Gear Tooth at No-Load Condition.
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Prop Brake Gear—r.p.m. x 1000
Figure 84. Effect of Speed on Loaded Gear Tooth.
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DISCUSSION OF RESULTS

EVALUATION PROCEDURE
The test results were evaluated by the following steps:
1. Determine predictive ability of the five calculation methods.
2, Compare strain gage and photostress data with calculated stress.

3. Determine significance of geometric variables based on most predictive calcu-
lation methods,

4, Determine basic material strength and design value,
5. Compare test data and design value to the literature,
6. Analyze centrifugal and dynamic load effects.

7. Establish computer program.,

PREDICTIVE ABILITY OF CALCULATION METHODS

The predictive ability of the five methods studied for calculating bending stress was
evaluated by use of the mean endurance limits fitted through the fatigue test gear data
points. Proportionality factors were used to convert the unit load endurance limits for
each gear configuration to eadurance limit values based on each of the stress calcula-
tion methods. These endurance limit values are listed in Table XV and are ranked in
descending order. Average, range, and variation in endurance strength for each cal-
culatior method are also given, The AGMA method produced the smallest variation
which is considered to be one of the best criteria for evaluation of the various calcula-
tion methods. Also, the test rig (applied load) ranked all the larger (6-diametral-
pitch) gears first as would be expected. However, the Heywood and Kelley-Pedersen
method also ranked all but one of the large gears first, indicating that these calculation
methods may not adequately compensate for changes in diametral pitch.

Further analyses were made by comparing the rank given to each test gear configura-
tion by each calculation method with the test rig load endurance limit ranking, Since a
high stress should result in a low life, the calculated stress rankings were inverted.
The results of this comparison are given in Table XVI. The AGMA formula predicted
the greatest number of correct rank positions (6 out of 16) and also had the best average
prediction accuracy (within 1. 25 rank positions).

The endurance limit for fatigue test gear configuration number 3 appears to be ab-
normally low, See Table XV. It was therefore deleted from critical calculations
(range and variation) but not from averages. This configuration (part number EX-
78774) did have dimensional discrepancies (0. 070-inch root fillet radius instead of

0. 080-inch minimum print requirement). This should have lowered the life to approach
that of configuration number 1, which is the same except for 0. 050-inch minimum root
fillet radius. The life was actually only two-thirds of that of configuration number 1,
The test data had very low fatigue life scatter, which may be indicative of a severe
stress concentration. Since the low endurance life was not determined until late in the
program, no metallurgical investigations of this gear were accomplished.
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Continued analysis of the fatigue test results based on individual measured physical
dimensions rather than part number drawing dimensions could appreciably increase the
confidence level of the results, The test results of one gear have been corrected to a
10-percent lower stress level to adjust for a 0, 010-inch oversize root diameter. Thus,
correction of all data to compensate for individual sizes within the + 0, 002-inch root
diameter drawing tolerance would adjust relative calculated stresses by approximately
4 percent., Similar changes could be made for individually measured tooth thicknesses
and fillet radii. The protuberant hobbed configurations could be revised, based on
measured hob dimensions,

To accomplish the individual analysis described for each fatigue test tooth would re-
quire conversion of the present computer program to permit operation on the smaller
IBM 1130 rather than on the IBM 7094, The program would also require revision to
eliminate unnecessary output and thus would avoid overloading the smaller computer.
Also, the input would have to be modified to use the measured dimensions directly.
Table XVII lists the critical root diameter, root fillet radius, and over-pin dimen-
sions for each gear,

Each fatigue test gear tooth was examined to determine and record the edge break con-
dition in the failure region. See Table XVII. These edge breaks were not as consistent
as desired due to the difficulty of controlling a hand operation. Direct comparison of
edge break and fatigue life failed to indicate any general influence of edge break on the
test results,

STRAIN GAGE DATA

Evaluation of the static strain gage measurements confirmed the validity of the AGMA
method of calculating bending strength, Table XVIII shows the measured strain gage
data in terms of strain rate for each configuration tested. The remaining columns
show a comparison of the various methods of calculating bending strength in terms of
strain rate. The percent deviation shows the magnitude of difference between the mea-
sured and calculated strain for each configuration, The AGMA method produces a
minimum difference for each configuration. The last column shcws the stress concen-
tration factor calculated from the difference between the Lewis calculated and the mea-
sured data.

To further indicate the degree of correlation, Figure 85 shows stress versus load for
the measured data and the AGMA calculation, The pe: .ent deviation of the calculated
stress from the measured stress is shown in Figure 86. The present AGMA method
gave the smallest deviation from the measured siress.

Since none of the formulas considered fillet configuration, the data werc split into two
groups—full form ground and prctuberance hobbed. Although Figure 86 shows that the
averages for the two groups differed, statistical "t' tests indicated that these differences
could have occurred by chance alone. (See Appendix I for description of "'t" tests,)
The comparisons were based on four data points in each set, Real differences would
have to be very large to be detectable in such small samples. The results were there-
fore not inconsistent with the analysis of endurance limits which showed that, based on
about 200 points, the fillet configuration does produce different endurance limits based
on AGMA stresses. Even with this small sample, the results, while not conclusive,
have the same sense as the more comprehensive analysis; i.e., protuberance hobbed
fillet should produce a higher endurance limit when stresses are calculated with the
AGMA formula,
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TABLE XV

RANKED ENDURANCE LIMITS FOR VARIOUS STRESS CALCULATION METHODS

w
Trenis Heywood Kelley-Peders:
Configuration Endurance Load |Configuration Endurance |Configuration Endurance [Configuration End:

Number (p. s.1.) Number  Limit (p. s.i.). Number  Limit (p. s.1i.) Number  Limi:
10 96, 429 16 154, 560 5 164, 050 9 162

4 94,968 6 143, 040 9 162,182 13 14¢

101 90,107 15 138, 530 13 150, 419 5 14¢

16 88,149 13 123, 070 15 148, 948 11 14:

9 86,978 10 122,610 11 148, 539 15 142

15 83, 507 4 122, 250 7 137, 582 1 185

12 80, 647 7 118,660 1 134, 517 7 1§

13 74,698 5 116, 430 6 107, 429 6 9i

6 72,192 14 116, 360 10 94, 267 10 8¢

14 65, 807 9 115,035 4 87, 820 4 8¢

7 65,698 11 115, 000 16 82, 852 16 75

2 64, 400 8 110, 210 3 74, 769 12 64

1 61,901 12 100, 080 2 74, 000 3 74

8 60, 622 1 90, 562 12 76,617 2 74

5 59,165 2 88, 754 14 69, 581 14 65

3* 42,689 3% 58, 292 8 67,914 8 52
Average 14, 247 114, 590 110, 970 104
Range 59,165 to 90, 562 to 67,914 to 52

96, 429 154, 560 164, 050 162

e maximum

Variation = Tninimum range = 1.63 1.7 2,42 3.

Note: Configuration number 3 was deleted from range and variation calculation when it was lowest value.
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--elley-Pedersen

AGMA

Dolan- Broghamer

Test Rig Load

sr.aer

ation Endurance |Configuration Endurance Configuration Endurance Configuration Endurance
Limit (p. s.1.) Number Limit (p, 8.1.) Number  Limit (p. s.1.) Number Limit (p. s.1.)
162, 389 6 204, 030 6 223, 400 11 8,210
149, 504 16 196, 380 16 218,700 9 7,997
145, 707 4 180, 960 4 203, 100 15 7,678
143, 768 15 179, 020 15 199, 600 13 6, 868
142, 965 10 168, 430 10 191, 300 17 5, 826
133, 006 5 166, 800 7 182, 600 1 5, 490
113,718 7 166, 360 5 182, 300 5 5, 247
91, 292 13 161, 410 13 180, 000 3 3,786
89, 268 9 159, 035 9 179, 900 10 2,217
88,111 11 156, 200 11 177,100 4 2,106
75,368 8 153, 370 8 168, 600 16 2,026
64, 428 14 148, 230 14 165, 000 12 1, 854
74, 405 1 139, 480 1 154, 900 6 1,601
74, 200 2 136, 300 12 153, 800 14 1,513
65, 731 12 135,160 2 152, 200 2 1,429
52, 957 3* 86, 559 3x 96, 600 8 1,344
104,180 158, 600 176, 820 4,075
52, 957 to 136, 300 to 153, 800 to 1,344 to
162, 389 204, 030 223, 400 8, 210
3.07 1.50 1.45 gl
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Figure 86. Comparison of Methods for Calculating Gear Stress.
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TABLE XVII
MEASURED STRESS OF FATIGUE TEST GEARS COMPARED
WITH CALCULATED STRESS

wﬁ:k — = = =T ol T
Pressure | Fiilet Measured | AGMA

Fatigue Angle | Radius Fillet Strain Gage | Strain | Percent Keney-Pedergen Perc
Test Gear | Pitch | (degrees) | (inch) | Configuration | Strain Rate* | Rate* |Deviation Strain Rate Deviaf
EX-78772 6 20 0. 050 | Full form 927 941 + 1.5 810 -12,
EX-78774 6 20 0. 080 | Full form 1010 850 -15.8 655 =35
EX-787176 6 20 0,050 | Protuberance 1150 1157 + 0.6 923 -19,
EX-78778 6 20 6. 080 | Protuberance 1008 1042 + 3.4 652 -35.
EX-78780 6 25 0,050 | Full form 691 750 + 8.5 6717 - 2,
EX-78782 6 25 0.067 | Full form 856 718 -16.1 584 -31.
EX-78784 6 25 0.050 | Protuberance 900 873 - 3.0 723 -19,
EX-78786 6 25 0.067 | Protuberance 1017 867 -14.5 621 -39,
EStrain Rate—-* ' . hes/inch/1000 pounds
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Stress

. Heywood Lewis
“viersen Percent | Strain Percent | Dolan-Broghamer | Percent | Strain | Percent | Concentration
Hite Deviation | Rate* Deviation Strain Rate® Deviation | Rate” | Deviation | Factor (Lewis)
-12.6 817 -11.9 756 -18.5 423 -54.5 2,19
-35.1 659 -34.8 645 -36.1 367 -63.6 2.75
-19.7 1040 - 9.6 945 -17.8 591 -48.6 1.95
¢ -35. 4 7817 -21.9 760 -22.6 466 -53.8 2,16
- 2,2 675 - 2.3 585 -15.4 328 -52.5 2.10
-31.8 602 -29.7 555 v -35.2 314 -63.3 2,72
-19.7 730 -18.9 622 . -30.8 367 -59.2 2.45
-39, 0 646 -36.5 585 | -42.5 | 349 | -65.6 2,91

W g > - —



In summary, the bar chart in Figure 87 shows the average degree of correlation for
the various methods of calculation versus the measured data. It is apparent that the
AGMA method offers the greatest degree of correlation,

PHOTOSTRESS DATA

As described in the section titled Results, the photostress investigations showed the
stress location and stress distribution to be in agreement with the theoretical location,

EFFECT OF GEOMETRIC VARIABLES OF GEAR FATIGUE TEST

The following studies of the data evalpate the four variables of the gear fatigue test.
Despite the high precision achieved in the manufacture of test gears, the scatter in
fatigue life was high. Many run-outs (termination of test before failure) occurred,
although the planned stress levels were altered in an attempt to fail teeth with 107
cycles., It was decided, therefore, to base the analysis on the endurance limit pro-
duced by each of the 16 configurations of gear teeth by developing a mathematical model
for the S/N curve. The derivation of the analytical model is included in Appendix V.
This method was used to determine the characteristic and fit of the S/N curve for all
the fatigue test points, strcss curves, and R, R. Moore curves. S/N curves were
fitted to the gear tooth fatigue data with respect to basic applied load, AGMA calculated
stress, and Kelley-Pedersen calculated stress. The basic applied load (lest rig load)
was used as a positive baseline since it is unaffected by any calculations. The AGMA
calculated stress was of prime interest, since it was determined to be the best predic-
tive calculation method. The Kelley- Pedersen method was used as a second stress
method to provide direct comparison for the AGMA method., The endurance limits ob-
tained from the S/N curves were used to evaluate each of the four geometric variables
and their interactions—i.e., diametral pitch, pressure angle, fillet size, and fillet
configuration,

o 10
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Figure 87. Comparison of Calculated and Measured Stresses.
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A summary of eignificant test results is given in the following paragraphs. The pre-
selected significance level was a = 0, 05, which corresponds to a statistical "t" value
of 2. 0. This level indicates that the result would occur 95 out of 100 times. A dis-
cussion of the statistical test of significance is included in Appendix III,

Diametral Pit:h

As would be expected, due to the different face width and pitch, a significant effect was
found for diametral pitch (6 and 12) based on applied load., It would be expected that
stress calculations would adequately consider these geometric variables. It was found
that the AGMA stress calculation did adequately predict a stress level., The Kelley-
Pedersen method reduced the significance value but was still very significant. Table
XIX summarizes these data (the load values have been corrected for diametra® .itch
and load for comparison).

TABLE XIX
EFFECT OF DIAMETRAL PITCH ON GEAR FATIGUE DATA

Diametral  Load Correctad AGMA Kelley-Pedersen
Pitth  (pounds) Lload (pounds)® Stress {p.s.i,)  Stress (p.s.i.)
6 6674 6807¢* 175, 500 138,750
12 1795 5820 184, 600 75, 500
*Corrected 12 pitch as follows for comparison with 6 pitch on a load
basis:
Pitch 6 12 Correction
Pitch 6 12 2.00 x load
Face Width linch) 0.500 0.2%0 2.00 x load
Total » 4.0 x Load
Y {average) 0.513 0.486 0.95x4.0xfoad - 3.8 x load

3.8 x 1795 - 6820 pounds

**Per reference 37, a 2-percent size effect mioht be expected for the range
of face widths tested; therefore, 1,02 x 6674 - 6807 pounds.

Pressure Angie

A significant effect was found due to the change in 20- and 25-degree pressure angle
gears based on applied load. Also, it would be expected that the stress calculation
should adequately predict this geometric effect. The study indicated that the AGMA
and Kelley-Pedersen calculation methods adequately predicted the stress level. Table
XX summarizes these data (the load values have been corrected for pressure angle for
comparison).
TABLE XX
EFFECT OF PRESSURE ANGLE ON GEAR FATIGUE DATA

Pressure

Angle wad Corrected AGMA Kelley-Pedersen
(degrees) (pounds) Load (pounds)® Stress (p.s.i.)  Stress ip.s.i)
2 3802 5021 176, 500 104, 480
Fe) 4328 4328 183, 600 105, 700

*Correction for pressure angle was made by averaging Y values for 20-
and 25-degree pressure angle gears.
20-degree average Y = 0. 4302 0.5688 | '
25-deqree average Y + 0,568 202 X G gagy * 02 pounds
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Fillet Size

For the practical range of fillet sizes tested, no significant difference was found on the
basis of applied load or AGMA calculations, A significant difference was found, how-
ever, on the basis of the Kelley-Pedersen calculated stress. These data are summa-
rized as follows:

Load AGMA Kelley-Pedersen
(pounds) Stress (p. 8. i.) Stress (p. s. i.)
Small Fillet 3915 179, 000 111,960
Large Fillet 4246 181, 500 98, 540

Fillet Confiﬁguration

For the fillet configurations tested—full form and protuberance hobbed—no significant
difference was found on the basis of applied load or the Kelley-Pedersen method. A
significant difference was found, however, on the basis of calculated AGMA stress,
These data are summarized as follows:

Load AGMA Kelley-Pedersen
(pounds) Stress (p. s i.) Stress (p. s.1.)
Full form 4234 169, 300 106, 100
Protuberance 3908 193, 000 104,100

The average endurance limit for each variable and the corresponding statistical ''t"
value for the tests of significance are presented in Table XXI. Several interactions
were found, as indicated in the table,

It is apparent that the AGMA formula adequately predicts gear tooth bending stress with
but two exceptions: fillet configuration and the interaction of pressure angle, fillet
radius, and fillet configuration, No exact reason for these differences can be shown.
The difference may be due to any of the changes previously listed between the two fillet
configurations such as residual stress, case depth, surface finish, etc. In view of the
interaction obtained and its relative value, the difference may be due to the accumula-
tion of errors in extrapolation of the stress concentration factor.

The significant differences between levels for each factor are apparent. Changing the
value assigned to any significant geometric factor produces a change in the endurance
limit. This limit is larger than can be explained by the inherent variability associated
with fatigue testing. For example, diametral pitch was significant in terms of basic
load, as was expected. The redu~tion in endurance limit in going from a diametral
pitch of 6 to 12 was 4879 pounds, The fillet configuration was not significant in terms
of basic load; the difference between endurance limits for the full form and the pro-
tuberance configuration was only 326 pounds.

The interpretation of gignificant interactions is more difficult. In general, it can be
stated that the change in endurance limits caused by changing one factor is dependent on
the value assigned to the interacting factor. An example is provided by the significant
AB interaction associated with applied load. See Table XXI. At the 20-degree pres-
sure angle, the endurance limit is reduced from 5780 to 1610 pounds in going from a
diametral pitch value of 6 to 12; at the 25-degree pressure angle, the endurance limit
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is reduced from 7650 to 1930 pounds for the same change in diametral pitch. This ex-
ample is shown graphically in Figure 88. The interaction is indicated by the con-
vergence of the lines; i. e., the difference in endurance limits between a 20- and a 25-
degree pressure angle is not the same at the two values of diametral pitch. The in-
formation used is presented in Tables XXII, XXIII, and XXIV for the basic applied
load and the AGMA and Kelley-Pedersen calculated stress.

(1) LOAD—Diametral Pitch and Pressure Angle

o j\ Jml
egrees
Sy

20 Degrees

. ) |
0 2 4 o6 8 10
Endurance Limit—p.s.i. x 1000

Diametral
Pitct

(2) LOAD—Diametral Pitch and Fillet Confiquration

= 12 Prntub;arancé -
o £

E £

Sa 6 -Full Form
A | |

0 2 4 6 8 10
Endurance Limit—p.s.i. x 1000

3) LOAD—Pressure Angle and Root Fillet Radius

8 1 I
® §, 25 |-Large Radius<j
=)
@ |
£ 2 //<\. .
= Small Radius |

2.53.0 35 40 45 >0
Endurance Limit—p.s.i. x 1000

(4) KELLEY-PEDERSEN—Diametral Pitch and
Pressure Angle

12
.§ 25 Degrees
= A
I
g 6 A N
= 20 Degrees
a ] ] |

60 8 100 120 140 160
Endurance Limit—p.s.i. x 1000

Figure 88. Significant Two-Factor Interactions.
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The endurance limit for test gear configuration number 1 (EX-78774) was increased
from a computed 96, 600-p. 8.1, AGMA stress value to 159, 200 p. s.i. It was necessary
to neutralize this low value to prevent bias to the designed experiment. The new value
was determined by proportioning the configuration number 1 endurance limit based on
fillet size. Fillet size is the only difference between configurations 1 and 3. The basic
applied load and Kelley-Pedersen endurance limit for configuration 3 were similarly
proportioned.

BASIC MATERIAIL STRENGTH

An ideal bending stress calculation would permit direct correlation of tooth strength
with the basic material sirength. R. R. Moore rotating beam fatigue test data were
compared with fatigue test gear data to determine the degree of correlation,

The R. R. Moore S/N curve shown in Figure 89 presents the basic bending strengih of
the carburized AMS-6265 material of the test gears. R. R. Moore rotating beam
specimens are related to gears as described in the iollowing paragraphs.

Type of Loading

The R. R. Moore test bar rotates while supporting a bending load. This results in
complete reversal of the bending load on the test bar once each revolution. The re-
lationship of fatigue data for the two types of loading is indicated in the modified Good-
man diagram in Figure 90. Metallurgical investigations showed that the fatigue failures
for the R. R. Monre samples and the test gears started on the carburized case surface.
The modified Goodman diagram, therefore, is based on the case material properties.
The ultimate strength level for the case was calculated by increasing the measured
ultimate strength of the core material by the ratio of the case hardness and the core
hardness at the surface:

180, 000 X % = 274,000 p. s. i.

Points A and B in Figure 89 are located on the S/N curve to establish 108 and 109
cycle lines. These points are then plotted on the modified Goodman diagram, Figure
90, at the zero mean stress ordinate. Since the gear tooth load was in one direction
only, the one-direction line was drawn at a slope of 2. A slope of 2 is used since the
mean stress is one-half of the maximum stress for one-direction loading as shown in
the following sketch. The intersection of the one-direction line and the cycle lines,

~Maximum Stress

J\Uf-\ o o2 X~ X=F A ->Mean Stress

R. R. Moore Gear Fatigue Test
Crmp'etely Reversed One Direction

points C and D, establish points for an R. R. Moore S/N data curve modified for the
fatigue test gear mode of loading. The modified S/N curve is shown in Figure 89.
This modification is not required for use with idler gear applications where the gear
tooth is subjected to complete reversal of loading.
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Figure 90. Modified Goodman Diagram.

Size Effect

R. R. Moore standard specimens are 0.250-inch-diameter bars. Generally, for bend-
ing, the endurance strength tends to decrease as size increases. To relate the size
effect factor to carburized gears, it is recommended that the factor be "one.'" The
literature indicates that the decrease of endurance strength for size is approximately

2 percent for carburized material; however, this effect has not been completely tested.

Surface Effect

Usually R. R. Moore specimens are polished. For this analysis, however, the R. R,
Moore specimens were ground to the same surface finish as the gear roots; thus, the
surface effect factor is ''one." R. R. Moore data from polished samples must be re-
duced 10 percent.

Stress Concentration

R. R. Moore specimens are considered to have no stress concentration. Most current
gear tooth bending stress calculation methods incorpnrate a stress concentration term
based on tooth geometry. Therefore, no further consideration of stress concentration
is required.

117



Reliability

Both R. R. Moore and fatigue test data have been analyzed based cn mean endurance
strength (50 percent failures) for comparison, Depending on the application, any con-
fidence level may be selected for the gear design.

Surface Treatment

The R. R. Moore samples in this program were carburized, shot peened, and black
coxided to the same specifications as the gears. Thus, the surface treatment factor is
" "

cne.

All cf the aforementioned factors except stress concentration, size effect, and mode of
loading are considered as one for this analysis. Thus, the modified R. R. Moore data
as plotted on the S/N curve of Figure 89 are comparable (within 2 percent) to a calcu-
lated stress that incorporates a stress concentration factor,

Figures 91, 92, 93, and 94 show the fatigue test data with respect to size and pres-

sure angle plotted against AGMA stress, Superimposed on these curves is the endurance
strength line from the modified R. R, Moore data deveéloped previously. It is considered
significant that close correlation is indicated for the AGMA method and the basic R. R.
Moore data. A further comparison is made in Figures 95 and 96 by superimposing

the R. R. Moore S/N curve on the protuberance hobbed and the full form ground data,

A final comparison is made by averaging the fatigue test gear data and comparing with
the R. R. Moore S/N curve. Figure 97 shows this comparison. It is apparent that
extremely close correlation was demonstrated between the overall AGMA stress calcu-
lation for the gear fatigue tests and the basic strength as determined by the R, R. Moore
data.

The endurance strengths previously listed in Tables XXII, XXIII, and XXIV are plotted
in Figure 98 and are compared to the basic R. R. Moore data. It is apparent that the
Lewis, Heywood, and Kelley-Pedersen methods do not approach the basic material
strength. The Dolan-Broghamer and AGMA methods, which are very similar, do
bracket the basic material strength line,

DEVELOPMENT OF DESIGN VALUE

The S/N curve of Figure 97 was obtained from an average of all the fatigue test data.

It represents a mean or 50-percent failure estimate of the test data. For design pur-
poses, a much lower failure probability would normally be required, An endurance
limit consistent with such a higher reliability was obtained as follows. If some of the
differences among the derived endurance limits are attributed to geometric factors and
combined into one group, a distributed quantity results. The group of endurance limits
has an average value and some scatter or dispersion about this average. A meaningful
statement of the form of this distribution is not possible because there are only 16
points. However, a plot of these points on normal probability paper (Figure 99), using
the mean rank procedure, indicates that an assumption of normalcy is reasonable.
Assuming normalcy, a lower tolerance value can be calculated for the endurance limit.
The average, X, and standard deviations of the distribution were calculated afte: deleting
the endurance limit derived from configuration 3. The K factor for a one-sided toler-
ance limit was obtained from tables which can be found in standard statistical texts.
This K factor for a proportion P = 0,99 and a probability of 0, 80 is 3.212. The 1-per-
cent endurance limit is then X - K, or 182,000 - 3,212 (24, 900) = 102, 000 p.s.i. The
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AGMA Stress—p.s.i. X 1000

AGMA Stress—p.s.i. X 1000

400
Legend:
o EX-78173
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R. R. Moore Average Endurance Strength
O==e
Points shown with arrow indicate test
completed with no failure.
lm A 4 "
103 10 105 106 107 108
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Figure 91. AGMA Stress Fatigue Test Data
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(Diametral Pitch = 12; Pitch Diameter = 2 Inches; Pressure Angle = 20 Degrees).
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Legend:
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Figure 92. AGMA Stress Fatigue Test Data
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Legend:
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Points shown with arrow indicate
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Figure 93. AGMA Stress Fatigue Test Data
(Diametral Pitch = 6; Pitch Diameter = 4 Inches; Pressure Angle = 20 Degrees),
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Figure 94. AGMA Stress Fatigue Test Data
(Diametral Pitch = 6; Pitch Diameter = 4 Inches; Pressure Angle = 25 Degrees).
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AGMA Stress—p. 5. 1. x 1000

Endurance Limit—190,000 p. s. I.

Fatigue Test Gears Average
\Qtfe Strength
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| R. R. Moore Average T
Endurance Sirength

100

103 104 10° 109 10/ 108 10°

Life Cycles
Figure 95. 8/N Diagram for Protuberant Fillet.
&0
Endurance Limit—168, 300 p. s. I.
g
» 300 ———
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g | N ‘{ Endurance Strength
A ~ ~—
g 200 7 =t
“ Fatigue Test Gears e =———. D LT T

= Average Endurance Strengtt

100 =
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Figure 96. S/N Diagram for Full Form Ground Fillet.
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Endurance Limit—182, 000 p. §. 1.

8
T
/f

p— Fatigue Test Gears
Average Endurance Strength
I

AGMA Stress—p.s.i. x 1000

200 BT
_---_'_—'-'““-H.l
\--R. R. Moore Average
Endurance Strength
100
100 lin 10° 10° 10’ 108

Life Cycles

Figure 97. Average Fatigue Endurance Strengths Compared With R. R. Moore Data.

Probability statement then is: ""There is 95 percent probability (corfidence) that at least
99 percent of the endurance limits of gears will be greater than 102,090 p, ¢, i, '". Thus,
a fatigue reliability factor of approximately 182, 000/102, 000 = 1, 78 is indicated.

The S/N curve representing the overall average and a tolerance representing 1-percent
failure are shown in Figure 100, Using the l-percent line as a design value, it is esti-
mated that 1 percent of the gear teeth will experience failure in bending, This state-
ment is only an approximation, being restricted by the range of variables investigated,
the significant effect of some of the geometric factors, and the limited knowledge of re-
lating failure analysis of a single tooth to the probability of failure of one or more teeth
on a gear,

LITERATURE COMPARISON

A comparison of the data with the literature indicates good correlation, Figures 101
through 104 show a comparison of the fatigue test points with the data published in refer-
ence 54, The data in the paper have been reduced to AGMA stress for comparison with
the fatigue test data. In general the scatter is similar, with some fatigue points show-
ing early failures,

Additional comparison was made with AGMA Proposed Standard 411, 02, which specifies
allowable endurance life values with load and stress distribution factors, This com-
parison is shown in Figure 105, Table XXV summarizes these data for AGMA, R. R.
Moore, and the fatigue test gears. There is close correlation of the gear test data
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Figure 99. Distribution of Endurance Limits.
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endurance strengths for 107 cycle life with the basic R, R. Moore data. The selection
of the load and stress distribution factors for the fatigue test gears was based on the
dynamic tests (Figure 109) for a gear at 16, 000 feet/minute pitch-line velocity. It is
obvious that selection of the various load and stress distribution factors may change the
calculated stress appreciably.

EVALUATION OF DYNAMIC EFFECTS

Centrifugal Stress

Centrifugal stress consists of two major narts—hoop stress and centrifugal force stress.
The hoop stress is a circumferential 1encile ciress at the root diameter caused by the
tendency of the rim to expand from centrifugal force. The centrifugal force stress is a
radial tensile stress caused by the centrifugal force exerted by the gear tooth.

The measured centrifugal stress was found to be much higher than the calculated stress
caused by centrifugal forces on the gear teeth, However, the measured stress was
found to coincide closely with the calculated hoop stress. This was true for both the
root and the active profile positions. This suggested that the hoop stress spread onto
the active profiie of the gear tooth., Figure 106 shows a comparison of calculated cen-
trifugal force stress, calculated hoop stress, and measured centrifugal stress. The
measured stress was found to be 75 percent of the calculated hoop stress.

AGMA Stress—p.s.i. x 1000

e Legend:
® EX-78772
A EX-78774
® EX-78776
v EX-78778
300{ Diametral Pitch—6
Pressure Angle—20 Degrees
Data from ASME Paper 63-WA-199
200
1004
10 10¢ 10° 106 107 108

Life Cycles

Figure 101. Comparison of Test Data With ASME Paper 63-WA-199 (Reference 54).
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Legend:
® EX-78780
A EX-78782
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E 300 Diametral Pitch—6
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=
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B
100L—
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Life Cycles

Figure 102. Comparison of Test Data With ASME Paper 63-WA-199 (Reference 54).
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Figure 103. Comparison of Test Data With ASME Paper 63-WA-199 (Reference 54).
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Legend:
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a
&
g
A
3
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Figure 104. Comparison of Test Data With ASME Paper 63-WA-199 (Reference 54).
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Figure 105. Comparison of Test Data With AGMA Standard 411. 02 Design Limits.

129



30, 000 =
OCentrifugal Stress Data | }
v Calculated Hoop - |
T e S S| (S| S— Stress S|
? -#.-"" |
v -

»10,00— ——— — - e Measured Stress
e Calculated Centrifugal '
I Stress ' \ |
: | |

0 2, 000 4,000 6,000 8, 000 10, 000 12,000 14, 000 16,000 18,000
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Figure 106. Comparison of Calculated and Measured Gear Stresses.

No detailed study was made of the possible effect of various gear tooth geometries
and/or rim proportions on centrifugal stress at the weakest section. The similarity of
the hoop stress and centrifugal force formula, both of which vary with the square of the
speed, and the similarity of normal gear tooth geometry (unit diametral pitch rule)
suggest that the observed proportional values should remain essentially constant, De-
sign use of the calculated hoop stress should therefore be conservative.

Hoop stress, S;, can be calculated by the following equation:

v2
Sy, = P —
h g
where
V = velocity at rim, inches/second
P = material density, pounds/cubic inch
g = gravitational acceleration constant, 386 inches/second squared

Since the stress was desired at the root diameter, the equation may be expressed as:

Sh = gog P Dr = 0.000136 PND;
where
N = rotational speed, r.p.m.
Dy = root diameter, inches
P = material density, pounds/cubic inch

Since the centrifugal stress is at a constant level (at constant speed), use of a modified
Goodman diagram was required to permit combining with the alternating bending stress
from the normal tooth load. See Figure 107, The S/N curve developed from the fatigue
test program (Figure 97) was used at the zero centrifugal stress ordinate to construct
the modified Goodman diagram. The Goodman diagram may be used to determire the
endurance strength required for the bending stress calculation given a desired life,
speed, and gear size,
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Figure 107. Modified Goodman Diagram Combining Centrifugal and Bending Stresses.

For example, the dynamic test gear when operating at 16, 000 r. p. m. has a calculated
hocp stress of 20, 000 p.s.i. For 107 cycle life, a bending stress of 175, 000 p, s. i.
would be permitted based on the modified Goodman diagram. Based on direct addition
of the centrifugal and bending stress (an improper procedure), the S/N curve would
permit only 162, 000-p. s.i. bending stress. Also, this gear, if designed for 107 y le
life without considerin% centrifugal stress, would actually have a mean life expectarn y
of slightly less than 10° cycles or only 1 percent of that anticipated. To calculate a
more comprehensive gear tooth bending stress under high-speed operating conditions,
the hoop stress must be combined with bending stress by use of the modified Goodman

diagram,

Dynamic Stress

Figure 108 is a plot of the peak dynamic stress versus r.p. m. The strain readings
were converted to stress and plotted against gear r.p. m. for three load conditions— 380,
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570, and 766 pounds (1000, 1400, and 2000 pounds/inch of face width). The curves
represent the best fit square curve above the static base line; thus, the amount of in-
crease above the static stress level is equal to the square of the ratio of the speed.
The static stress level is the measured stress at zero r, p. m. for pure tangential load.
It was felt that a square curve would be the most desirable, since the dynamic effect
could be related to kinetic energy which involves velocity squared. Again, the mea-
sured dynamic stress does not include ahy constant centrifugal stress.

Figure 109 shows a dynamic stress correction factor derived from the curves in Figure
108,

Figure 110 is a comparison of the dynamic factor as previously described with the one

given in AGMA Standards 220, 02 (Appendix VI), Curves 1, 2, and 3 represent various
grades of gear quality with 1 being the highest quality gear. The propeller brake gear

used in testing would be defined as a grade 1 gear. The two curves agree within 8 per-
cent at 8000 feet/minute. Also, the AGMA data do not exceed 8000 feet/minute.

Although the dynamic data presented are very limited, they do indicate trends for high
speed, lightweight gearing. It is recommended, therefore, that the curve of Figure 109
be used as a design factor for applications above 8000 feet/minute. Below this speed,

a factor of one should be satisfactory for close-tolerance aircraft applications.
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Figure 108. Graph Showing Peak Dynamic Stresses During Testing.
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ESTABLISHMENT OF COMPUTER PROGRAM

Analysis of the fatigue test data indicates that the AGMA formula is the most accurate
for predicting ranking, produces the least variation in calculated endurance limits,
best matches experimentally measured stresses, and accomnmodates the geometric
variables with the least difference of significant values. The AGMA formula was
selected, therefore, for use in the computer program. The AGMA formula also is a
well known method~it is required by some Guvernment specifications (reference 47).

The Lewis gear tooth geometry form factor values (Y), as calculated by the computer,
should be more accurate than values normally obtained by graphical layouts. The point
of tangency between the inscribed parabola and the generated trochoidal root fillet as
well as the trochoidal root fillet contour can be established with precision,

A dynamic factor is an input item of the computer program. The dynamic factor for a
given application may be obtained from existing AGMA curves, the curve presented in
Figure 109, literature sources, or from direct "in-house' measurements,

Hoop stress is calculated in the program and combined with the AGMA calculated bend-
ing stress based on the modified Goodman diagram. A mathematical expression for
the combined stress is:

US [US - (S, + Sy]

Sc = US - U5 - 5
where
S¢ = combined stress, p.s.i.
S, = hoop stress, p.s.i. (reference page 130)
St = tensile stress (AGMA), p.s.i, (reference page 10)
US = ultimate strength of the material, p. s.i.

Life cycles are then determined from the combined stress and the S/N curve based on
R. R. Moore rotating beam tests of the gear material. The life may be modified
further by the AGMA temperature factor and reliability factor (factor of safety) as
indicated by the expression:

L« S, Kt Kp
where
L = life in cycles
Sc = combined stress, p.s.i,
KT = AGMA temperature factor (reference page 11)
KR = AGMA factor of safety (reference page 11)

The term « indicates the S/N curve stress-to-life cycle relationship,

Both AGMA bending stress and the combined bending and hoop stresses are printed
out. Life is printed out if it is in the finite life area of the modified Goodman diagram;
othervrise, an infinite life or an excessive stress note is printed.

Considerable effort was expended in graphical analysis of the Lewis gear tooth form
factor Y and its relationship to the Dolan-Broghamer stress concentration factor Ks.
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It is expected that strength and stress concentration factors should be geometrically
related. Gear sets with the following range of parameters were computed and plotted:

® Pressure angle—14,5, 20, and 25 degrees

@ Number of teeth in pinion—12 through 52

® Gear ratio—1. 0 through 10. 0

® Hob tip radiugs—100, 75, 50, and 25 percent of maximum possible

® Dedendum factor—1.157, 1.2, 1.3, and 1.4

® Tooth thickness at pitch diameter—100, 90, and 110 percent of half of the circular
pitch

The parametric plcts were not smooth, overlapping curves as expected. The original
Dolan-Broghamer data (from reference 16) were therefore analyzed. Computer-deter-
mined dimensions (h, t, and §1,) for the given gear teeth do not coincide with the dimen-
sions for the plastic models as tabulated in reference 16. The computer values plot as
smooth curves while the original data do not; this indicates that the error is most likely
that which is inherent with the drafting layout procedure. Computed Kf values based on
corrected geometry and observed stresses produce data which vary by £+ 11 percent
from that computed by the formula as indicated in Table XXVI,

Work to generate a formula to duplicate the corrected stress concentration factors ob-
tained Las not been completed.

The Dolan-Broghamer photoelastic data were obtained from models having pressure
angles of 14,5 and 20 degrees, diametral pitch of 2, and a dedendum factor of 1, 157,
Graphical analyses should be used with the new stress concentration formula to deter-
mine the validity of the extrapolation if K¢ values throughout the range of gear tooth
geometric variables, as previously investigated. Similar analysis of additional photo-
elastic data (such as from Kelley-Pedersen work) would be valuable for correlation,

A new stress concentration factor, developed as described, would considerably enhance
the correlation of the test data and would be a valuable modification to the AGMA formula
and the computer program,

TABLE XXVI
COMPARISON OF STRESS CONCENTRATION FACTORS

FModel

Number Ky (Dolan-Broghamer) Kg (AGMA) Ky (Calculated) Kg(Calculated)/Kf(AGMA)
6-1 1. 53 1. 511591 1. 500636 0. 19272
6-2 1.65 1.647910 1,733851 1.052.'8
6-3 1. 82 1, 832482 1.876810 1.02417
6-4 2.18 2, 087727 2.117530 1. 00943
6-5 1. 56 1.558408 1.638576 1,05146
6-6 1.68 1.694056 1.817664 1.07295
6-17 1. 86 1.877288 1. 959995 1. 04405
6-8 2.10 2.141456 2, 287704 1. 06826
6-9 1.68 1. 644061 1.826440 1.11088
6-10 1.76 1.783399 1.936391 1. 08579
6-11 1. 94 1.97C920 2. 057944 1. 04414
6-12 2,21 2. 241207 2.314211 1. 03257
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Model

TABLE XXVI (CONT)

W

Number K¢ (Dolan-Broghamer) K¢ (AGMA) Kpg (Calculated) Kg(Calculated)/Kg(AGMA)

B W N e

7~
T-
T-
1-

- =) =] =] ] o] =] )
s
e O D~ DN

0
W L D)

c.ococ.oco

o:al:cacn
[=-J B~ B3, }

1. 57 1. 588621 1. 589230 1,00037
1.68 1.735900 1. 746881 1.00633
1.93 1,936614 1. 882616 0.97211
2,37 2,228237 2.168161 0.97307
1.69 1.864860 1,.788942 1.97747
1. 86 1.810860 1.843543 1.01800
2,04 2, 008900 1.986C26 0.98860
2.30 2.297209 2,124755 0.92495
1.74 1.750553 1, 938912 1,10756
1.90 1, 899773 2. 085223 1,09758
2.10 2.101321 2. 215057 1.05420
2.40 2,394263 2.368038 0.98905
1.62 1,629011 1.687625 1,03597
1.74 1.782054 1.782343 1.00011
1.94 1.991574 1.913581 0.96083
2,25 2.298240 2, 063709 0. 89796
1.74 1.724950 1. 883809 1.09205
1. 86 1,876333 1.956013 1. 04247
2,06 2.082457 2,165639 1.03990
2,31 2.384652 2,271327 0.95244

Notes: K; (Dolan-Broghamer) from reference 16 based on observed stress.

K¢ (AGMA) computed by formula from corrected geometry.

K¢ (Calculated) computed from corrected geometry and observed stress.

_

—

137



CONCLUSIONS

The following conclusions are made from this study,

® The investigation of four geometric variables indicated that the endurance strength
was significantly affected by changes in pitch diameter and pressure angle,
These effects were in some instances greater than those predicted by bending
stress calculations. The effects of fillet size and fillet configuration—full {form
or protuberance—were not significant with respect to the endurance strength of
the configurations tested, Stress calculations did not accurately consider the

~ fillet configuration,

® A basic material strength curve for carburized AMS-6265 was established by
R. R, Moore specimens, This strength curve correlated very closely with the
AGMA method of calculating stress,

@ By averaging all fatigue test data points, a design S/N curve was established.
For design purposes, a l-percent failure endurance strength of 102,000 p, s, i.
was also estabiishcd,

@ Of the five strength formulas investigated, the AGMA bending strength formula
provides the most accurate method for assessment of spur gear tooth bending
strength,

® The limited dynamic testing conducted indicated that a dynamic factor for light-
weight aircraft gears should be considered for applications with a pitch line
velocity over 8000 feet/minute,

® A centrifugal speed factor is necessary for high pitch line velocity applications,

® A modification is required to the Dolai: -Broghamer stress concentration factor
used in the AGMA formula to consider tooth geometry more accurately.

® The AGMA formula modified to incorporate a centrifugal speed, a high speed
dynamic factor, and to use R. R, Moore material strength data will produce
an accurate estimate of gear tooth bending stress and life, \The dynamic fluctuat-

W, K ; Py K K
ing stress .alculated by the AGMA formula, S¢ = -R;—Q Nl L is combined
with the steady centrifugal hoop stress formula, Sn = » v?z, to produce a

combined stress, S., as follows:

Us [Us - (s + Sp]
SC = US - s - Sh

The terms are defined on page 135, Life cycles may then be determined from an
S/N curve based on R. R, Moore rotating beam tests of the gear material, The
life may be modified further by the AGMA temperature and reliability factors

as follows:

L =« ScKTKR
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APPENDIX 1

FATIGUE TEST GEAR DRAWINGS

This appendix consists of the fatigue test gear drawings for the 16 configurations tested.
These drawings are shown in Figures 111 through 12¢, The spur gear main accessory
drive anc propeller brake outer member are shown in Figures 127 and 128, respec-
tively,
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ENLARGED VIEW OF GEAR PROFILE
SCALE NownE

TOOTH SPACE SHALL BE FULLY GROUMND INCLUDING ROOT
DIA AND ADJACENT FILLETS AFTER HEAT TREAT NO
DISCONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
RADIUS WITH THE ROOT DiA AND WVOLUTE SURFACES. SHOT
X PEBEN TNWE ENTIRE TOOTH SPACE PER EDS 12/40 FOLLOWSD BY
EP3 /18176 AFTER @RINDING, TNEN NONE SURFACE £ TO VALUE SNOWN.
EMAINING SURFACES MAY BE PEENED PER EPS 12/40 UNLESS
SPECIFICALLY CONTROLED BY A / SYMBOL. STOCK REMOVAL BY
GRINDING 7O BE UNIEFORM ON PROF/ILE, FILLET RADIUS ANO ROOY
DIR. WITHIN .002. MEASURE AND RECORD FILLET RADIUS,DISTANCE
OVER PINS AND ROOT DIA. BEFORE AND AFTER GRINDING.

—REMOVE I8 TEETH SPACED 43 SNOWN AFTER
BEAR TEETH ARE TO FINISHED SIZE AND

SICE B ALL GEAR TOOTH INSPECT ION REOUIREMENTS

Ry - L. ARE COMPLETED

O/A A SHALL BE CONCENTRIC WITH - WiTMIN 002 TIR
BREAK SHARP EDGES .0/0 UOS
MACHINE ALL OVER.

SURFACE CHARACTEWSTICS NOT CONTROLLED 87 A \/
SYMBOL SHALL BE COMMENSURATE WITH GOOD MAN -

EMICAL ETTH POSITION NMMBERS FACTURING PRACTICES WHICH PROOUCE ACCEPTABLE
53 SHOWN, CECORD INVOULUTE AROFILE OQUALITY LEVELS.
THECKS FOR s:ogA OF TEETH NEAT TREAT PER EPS 202
" AND FOR SIDE B OF r=erH x, ‘
CASE MHARDEN GEAR TEETW OUTSIDE 3.340 DiA
X4 RECORD POSITION MHMBERS OPTIONAL TO CASE HARDEN ALL CVER)EFFECTIVE CASE
D TOOTH SPACING ERROR ge'prus A5 FOLLOWS: R)
.035 -, 045 BEFORE PFINISHING
.030-.045 AFTER FINISNING
ROCKWELL HARDNESS —~ CASE C58 MIN
CORE CIMIN
INSPECT PER E!S 985 (MAGNETIC)
NITAL ETCH PER EIS 1510 THNEN
SLAZK OXIDE PER AMS 248§
MATERIAL- AMS 6265 STEEL FORGED BARS ALL DIMENSIONS TO BE MET AFTER PROCESSING
* FORGING SNALL CONFORM TO £ED/ /38 AND E/S 502
) 28802
Fwrrw EDF S
—EX-T78772.




BREAK TiP ,005 MAX

.O/5 -.030 ROUNDED BREAK SURFACE £

BEFORE

.02 IN -
5 R M SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE YONE

TOOTH SPACE SHALL BE FULLY GROUND INCLUDING ROCQT

DIA AND ADJACENT FILLETS AFTER HEAT TREAT. NO

DISCONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
RADIUS WITH THE ROOT OIA "AND YINVOLUTE SURFACES. Sk
PEEN THE ENTIRE TOOTH SPACE PER EPS /2140 FOLLOWE
BY EPS12/76 AFTER GRINDING THEN HOWE SURFACE £ 77 vA.
SHOWN. REMAINING SURFACES MAY PEENED PER EFS /2140 UN
SPECIFICALLY CONTROLEL BY A SYMNPOL. STOCK REMOVAL

252 i GRINDING TO BE UNIFORM UM PROFILE, FILLET RROIVS AND RC
FaTT-) 1 DIA. WITHIN .00 2. MERSURE ANII 't CORD FILLET RADIUS,
DISTANCE OVER PINS RIVOROOT DIfi. BEFIRE AND AFTER GRINC
I8 958 TYPICAL
i 328
N ¥/ I' 548 12 PLACES
.7508
'r' - .7500 oA
/ § I Sioe 8B
CSk: 90° TO .&10 D/A e it
(BOTH SIDES) -REMOVE 12 TEETH SPACED A4S SHOWN B8R
ELECTRO CHEMICAL ETCH ALLISON PART NGO AFTER GEAR TEETH ARE TO FINISHED Ma:
AND LAST CHANGE LETTER SER” AND SER/AL SIZE ANUALL BE/IK TOOTH INSPECTION
NO. HERE PER AS 478-7A1 OR 742 NERUIRERENTS SR ES BB A0
ELECTRO CHEMICAL ETCH POSITION MUMBERS
ON TEETH 45 SHOWN, RECORD INVOLUTE UL
PROFILE AND LEHD CHECKS FOR 3I0€ A f,:;’
OF TEETH (25, AND 4 ; AND FOR SI1DE B oud.
OF TEETH Xi, X2, XS AND 4. RECORD POSITION WE
GEAR TOOTH CONTAROL EMQJgg‘?CS ‘ON ToOTH Tb roorH 9“’~6
INVOZUY.T PROFNLE TOLERANCE ~ECK® CA
SIOE 4 00 |SwE 8 (gg
9° . |.0000
/.0 U\l=-0002 e
RO
/2.0° PO
XL —:M# = IN:
MATERIAL - AMS ¢26 5 ST RGED BARS NI
1] |.0000 jurca 5 STEEL FO 4
ako00? SPUR GEAR DATA
. A 12 PITCH 24 TEETH Al
97 20° PRESSURE ANGLE +.0060 &
gu ...—_|8cD — DISTANCE OVER TWO /440 0iaA PNS: 2.2000 - 00%?
L ] 2 X
SPACING TOLERANCE :ﬁ-@; Z: ZI é%go rood
40002 8..0002 QUTSIOE DIA* 2. 16 =%
LEAD TOLERANCE ACTIVE QQOF/LE OUTSIDE /.8969 D/A
42.000/ glooo: GEAR TOOTH ELEMENTS SHALL BE IN ACCORDANCE WITH EO/ 9
REFERENCE =
FULLNESS fam ARC TOOTH THICKNESS AT PD+ .1309 23338
4.8888 2 BASE CRCLE DiA: 1.8794
MAXNUM HOLLOW IN FORM .Q0Q[
NOTE TUMTs 0T IN
Figure 112, Fatigue Test Gear Configuration 2—EX-78773.
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BREAK TIP ,005 MAX = ;
-.03C ROUNDED BREAK Z\ SURFACE £
I

.025 R MIN B8EFORE
SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

OTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT

A AND ADJACENT FILLETS AFTER WEAT TREAT,  -NO
SCONTINUITY SHALL OCCUR AT THE BLEND OF TWE FILLET
‘DIUS WITH THE ROOT OIA “AND INVOLUTE SURFACES. SHOT
‘EN THE ENTIRE TOOTH SPACE PER EPS /2140 FULLOWED
L£P3/2/76 AFTER ERINDING THEN HONE SURFACE £ 70 VALUE
OWN. REMAINING SURACES MAY PEENED PER EFPS /12740 UNLESS
ECIFICAHLLY CONTROLED BY R N SYNPBOL.. STOCK REMOVAL BY
INOING TO BE UNIFORM UN PROFILE, FILLET RADIUS AND ROOT
VI WITHIN 002, MERASWURE ANII 't CORD FHULET RADIY S,

" TANCE OVER PINS A, QL00T DIA. BEFORE AND RFTER GRINOING.

958 TYPICAL
948 12 PLACES
Sioe8
/A A SHALL BE CONCENTRIC WITH PO WITHIN .002 TIR
]
REMOVE 12 TEETH SPACED AS SHOWN BREAK SHARP EDGES .0/0 UOS
AFTER GEAR TEETH ARE TO FINISHED
SiZe ANLALL OEHR TOOTH INSPECTION MACHINE ALL OVER.
@ REQUIREMENTS ARE COMPLETED
ELECTRC CHEMICAL ETCH FOSITION NUMBERS
QN TEETH A4S SHOWN. RECOR D INVOLUTE SURFACE CNARACTERISTICS NOT CONTROLLED BY A /
PROFILE AND LEAD CHECKS FOR LIOE A SYMBOL SHALL BE COMMELZ-SATE WITH GOOD MANU -
QR TEETY I128AND 4 ;| AND FOR S1DE B rxnm;;fsmts WHICH PRODUCE ACCEPTABLE
OF TEETH Ki, X2, X3 AND *4. RECORD POSITION qua )
NUMBERS ON TOOTM TO roOTH SPACING MNEAT TREAT PER EPS 202
ERROR Cracks CASE WARDEN GEAR TEETH OUTSIDE [.570 DIA

(OPTIONAL TO CASE MARDEN ALL OVER)EFFECTIVE CASE
DEPTHS AS FOLLOWS:
.020-.030 BEFORE FINISHING
.0/8-080 AFTER FINISHING
ROCKWELL HARDNESS - CASE CS58 MIN
CORE C 34MIN

INSPECT PER EIS 985 (MAGNETIC)

MATERIAL - AMS 626 5 ST, €0 BARS NITAL ETCH PER EIS 1510 THEN
CELIORG BLACK OXINDE PER AMS 2485

AlLL DIMENSIONS T0 BE MET AFTER PROCESSING

+.0000 FORGING SHALL CONFCRM TO €0/ /138 AND £/5 502
000 - 0047

ANCE WiTH EDI! 9

'8

2—EX-78773.
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BREAK T/iP .005 MAX i

.0/5 =030 ROUND BREAK SURFACE |
i o

.080 R MIN BEF¢

SHOT PE|

ENLARGED ;Iciw OF GEAR PROFILE

TOOTH SPACE

LE NONE
SHALL BE FULLY GROUND INCLUDING

DIA AND ADJACENT FILLETS AFTER KWEAT TRE
DISCONTINUITY SHALL OCCUR AT THE BLEND OF T
RADIUS WITH THWE ROOT DIA AND INVOLUTE SURI

PEEN THE ENTIRE TOOTH SPACE PER EPS 12/

TrPicaAL a 3 ket
502 - Pae EFS 1217 AKTER GRINDME, THEN HonE SURFACE £ 7.
“98 Pl e REMAINING SURFACES MAY BE PEENEL PER EFS 12140
SPECIFICALLY CONTROLLED BY A  SYMBOL. STOCK F
Tl ey L300 GRINODING TO BE UNLFORM ON PROFILE, FI-LET RADIU!
o A WITHIN .002. MEASURE AND RECORD FILLET RADIU.
% S1DE OVER PINS AND ROOT DM. BEFORE AND AFTER GRINL
' e — - REMOVE /8 TEETH SPHCED AS SHOWN AFTE
S GEAR TEETH ARE TOFINISHED 31ZE AND ALL
P GEAKR TOOTH INSPECTION REQUIREMENTS ARI
| SIDEB compler=o
L3005 50A - AR — @
/., 5000 | & |
| i
CSK 90" 70 /.560 OVA — N oA A s
BOTH SIDES)
4 " BREAK
S MACHINE
ELECTRO CHEMICAL ETCH ALLISON PART NOLANO ELECTRO CHEMKAL ETCH POSITION NUMBERS ON TEETH
LAST CHANGE LETTER 'SER" AND SERIAL NO. NERE A4S SHOWN, RECORD INVOLUTE FROFILE AND tEAD SURFACE ¢
PER AS 478-7A!I OR 7A2 CHECK'S SI1DEA OF TEET H ll(é.! AND S, AN ol
FOR SI0€ B OF 186TH AND 54, RECORD 2 1
POSITION NUMBERS ON TO TOOTH 3PACING ACTUNG
ERROR CHNECKS QUALITY LE
HEAT Ti
GEAR TOOTH CONTAOL ‘ CASE
INVOLUTE PROFLE TOLERANMCE
(OPT IO}
SIDE A 1 00 [siwF B «
T DEPTH!
|rﬂi il ]'ml o8 <F— —t 'o
1.0 U C.OOO?. P
i ROCK WE
0° Pp | __SANE
66U ! INSPEC
L i MATER'21- 4MS G265 STEEL FORGED BAR NITAL ¢
*| 1.0000 srca BLACK
2 "E/-.OOOZ‘ SPUR GEAR DATA
g5 law 6 PITCH 24 TEETH ALL DIM
Y.7¢ 20° PRESSURS ANGLE = FORGIN
L 8co OISTANCE OVER TwO .2880 pia PINS: 4 3999 18093
T R T ve—— 4 Y, .00
SPACING TOLERANGE ;o,‘g, Z,, 33%30 0 &
4 w T ¥Bors 378 S e o
I (FaD T weE | ACTIV| [ , A
* oooL ,“0 aﬂ:ooo, GEAR TOOTN ELEMENTS SHALL BE W ACCORDANCE WITH EO/ 9
A=E00L e REFERENCE
FULLNESS TOLER ARC TOOTN TWCK/ESS AT M0+ 2618 28338
Ak 'y BASE CCLE Dias 3,7588
st HOLLOW IN FORM LQQ0QL
"NOTE ~ T10NIT: O W,

Figure 113. Fatigue Test Gear Configuration 3—EX-78774.

153




'C;

/

.
Y

L.’ CFWPSTIN -1 |

BREAK TIP .005 MAX e
.0/5 -,030 ROUND BREAK - SURFACE £

.080 R MIN BEFORE
SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

TOOTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT
D/IA AND ADJACENT FILLETS AFTER HEAT TREAT NoO
DISCONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
RADIUS WITH THE ROOT DIA AND INVOLUTE SURFACES. SKOT
P78 PEEN THE ENTIRE TOOTH SPACE PER EPS?I‘IO KoLowdD BY
/

EFS 1217C AFTER GRINOME, THEN HonE SURFACE £ 1.0 VALUE SNOWN.
REMAINING SURFACES MAY BE PEENEL PER EPS /2140 UNLESS
SPECIFICALLY CONTROLLED BY A / SYMBOL, STOCK REMOVAL BY
GRINDING TO BE UNIFORM ON PROF/LE, FILLET RROIUS AND ROOT DIA.
WITHIN .002. MEASURE AND RECORD F/LLET RADIUS, DISTANCE
OVER PINS AND ROOT DM. BEFORE AND AFTER GRINDING.

~==~~— REMOVE I8 TEETH SPRCED AS SHOWN AFTER
GEAR TELTH ARE TD FINISHED 3128 ANO ALL
GEAR TOOTH INSPECTION REQUIREHENTS ARE
SiDEB compierEo

O/A A SHALL BE CONCENTRIC WITH PD WITHIN 002 TIR
BREAK SHARP EDGES ,0/0 UOS
MACHINE ALL OVER.

ELECTRO CHEMICAL ETCH ROSITION NUMBERS ON TEETH

A4S SHOWN, RECORD INVOLUTE PROF], ND (.ER

CHECK'S SI1O0E A OF TEETH /,lsstgd,'lNa = SURFACE CHARACTERSIICS NOT CONTROLLED BY A A
FOR SI0E B OF TweTH X! AND X, RRECORD SYMBOL SMALL BE COMMENSURATE WYTH GOOD MANU -
POSITION NUMBERS ON% TO TOOTM SPACING FACTURING PRACTICES WMICH PRODUCE ACCEPTABLE
ERROR CHECKS QUALITY LEVELS.

HEAT TREAT PER EPS 202

CASE HARDEN GEAR TEETH OUTSIDE 3.340 DiA
(OPTIONAL TO CASE MNARDEN ALL OVER)EFFECTIVE CASE
DEPTHS AS FOLLOWS:
.035 -,045 BEFORE FINISHING
030 ~.045 AFTER FINISHING
ROCKWELL HARDNESS - CASE C58 MIN
CORE CI4MIN

INSPECT PER EIS 985 (MAGNETIC)

MATERIAL- AMS 6265 STEEL FORGCED BAR NITAL ETCH PER EIS 1510 THEN
BLACK OX/IDE PER AMS 2485

ALL DIMENS/ONS TO BE MET AFTER PROCESSING

RGING SHALL CONFORM TO EDI 138 AND E/S 502
i - 3999230928 FORGING SHALL C

4
POANCE WITH ED! 9

593

3—EX-78774.




252
2us

BV
7505
‘7200 DIA A

CSKk 90° TO .80 D/AJ =

REMOVE 12 TEETH SPACED A3
SHOWN AFTER GEAR TEETM ARE TO

BREAK TIP 005 MAX

-.030 ROUNDED BREAK SURFACE £

BEFORE

040 R MIN
SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

TOOTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT

DIA AND ADJACENT FILLETS AFTER HEAT TREAT. NO

DIS CONTINUITY SHALL OCCUR AT THE BLEND OF TWE FILLET
RADIUS WITH THE ROOT OIA AND INVOLUTE SURFACES. SHOT
PEEN THE ENTIRE TOOTH SPACE PER EPS 12/140 rew(owsD 8y
EPS 12176 AFTLR € R/N, M;f. THEN NONE SYRFACE L 70 VALUE
SHOWN. RMAINING SURFRACES MAY BE PEENED PEP £F5 /2 /40
UNLESS SPECIFICALLY CONTROULE. BY A/ 5YMBOL. 510ck
REMOVAL BY GFINDING TO BE UN/FORM ON PROFILE, FILLET
RAD/IUS AN ROOT DiR WITH/IN .002 . MEASURE AND F:roRp
FILLET RROIVS , DISTRANCE OVER PJ AND ROOCT DI BEFLRE
ANO AFTER GRI/INOING. <

958 TYPICAL

5 FINISHED SIZE AND ALL OEAR TOOTH O/A A SHe
(BOTH S/OES INSPECTION REQUIREMENTS ARE -
o oy fres A raad @ OMPLETED s10e A SECAS
ELECTRO CHEMICAL LLISON PAR ()
ANO LAST CMANGE LETTER, SERAND SER1AL NA — ELECTRO CHEMICAL ETCH POSITION MIMBERS MACHINE /.
HERE PER AS a78-74) OR 72 ON TEETH AS SHOWN RECODRD INVOLUTE
PROFILE AND LEAD CHECKS FOR S/DE A
OF TEETH 128 AND 4; AND FOR SIOE B e
OF TEETH XI, X2 X8 AND X4, RECORD POSITION SYMSOL SLL |
NUMBERS ON TOOTH TO TOOTH SPACING EACTING AR w1
ERROR CHECKS ouaLITY LEVEL:
HEAT TRE.
cfn TOOTH cawmoé
uTE £ CASE HAF
HoF 4 [RET A ] (OPTIONA L
* T 1.0900| aog DEPTHS +
LA 020
or5-
| ROCKWELL
lgo” mn HF
R
- INSPECT
MATERIAL-AMS 62E€S STEEL FORCED 8ARS
| €L roRe NITAL ET¢
sl BLACK OX
SPUR GEAR 0ATA
s it OSTANGE OVER TWD /440 OiA S+ 2.2000 o8 AOHGINGS| S
T ROOT DiA: 1792 2.0
SPACWG TOLERANCE ATCH Dit+ 3.0000
4..0002 20008 QUTSIOE DIAe 3,15672:8839
LEAD TOLERANGE ACTIVE AROFILE OUTSIDE 1.8969 DIA
42000/ stooos GEAR TOOTH ELEMENS SHALL BF W ACCORDANCE WITH &0/ 9
FULLNESS mm ARC TOOTN THICKNESS AT PD+ /309 23318
8388 B4SE CHCLE DA+ [, 8794
MAXIN HOLLOW W FORM .Q0Q]
NOTE  1UMTs OMI W
)
Figure 114. Fatigue Test Gear Configuration 4—EX-78775.
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BREAK TiP .005 MAX

-.030 ROUNDED BREAK SURFACE £

B8EFORE
SHOT PEENING

040 R Mik: -

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

OTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT

A AND ADJACENT FILLETS AFTER MEAT TREAT. NO
SCONTINUITY SHALL OCCUR AT THE BLEND OF TWE FILLET
\DIUS WITH THE ROOT OIA AND INVOLUTE SURFACES. SHOT
‘EN THE ENTIRE TOOTH SPACE PER EPS 12140 rec swsD8y
2$ /2176 AFTER GRINGING , THEN NONE M«foctﬁgn VALYE
TOWM. REVGAINING SURFACES MARY BE PEENED PEP EFS 12 /40
WESS SPECIFICALLY CONTROLLE. BY A J/ SYMBoL. 5Tock
EMOVAL BY GFINDING TO BE UNIFORM ON PROFILE, FILLET

QO/IUS ANL ROOT DiR WITH/IN 002, MEASURE AND F:iLoRP
AND ROOT DI BEFLRE

LET RROIVS , DISTRNCE OVER P/
YO AFTER GRINOI//G. +.
288 Ir'yrRICAL

12 TEETH SPACED AS
AFTER GEAR TEETH 4ARETO
ED SIZE ANO ALL OEAR TOOTN
TION REQUIREMENT'S ARE _I\@I
LreEe© SIDE A
RO CHEMICAL ETCH POSITION MUMBERS
T e AS SHOWMN RECORD INVOLUTE
ILE AND LEAD CHECKS FOR S/0& A
ETH 1,28 AND 4; AND FOR S/10E B
_ETH XI X2 X8, AND X4, RECOKD POSITION
LERS ON TOOTH JO TOOTH SPACING
.. CHECKS

MATERIAL-AMS 6265 STEEL FORGED BARS

..2000 22399

A
F0ANCE WITHN &D/ 9

211

OIA A SHALL BE CONCENTRIC WITR PD WITHIN 002 TIR
BREAK SHARP EDGES .0/0 UGS
MACHINE ALL OVER,

SURFACE CHARACTEWISTICS NOT CONTROLLED B A \/
SYMPOL SHALL BE COMMENSURATE WITN GOOD MAWU -
FACTURING PRACTICES W PRODUCE ACCEPTABLE
QUALITY LEVELS.

NEAT TREAT PER EPS 202

CASE WARDEN GEAR TEETH OUTSIDE /.570 DA
(OPTIONAL TO CASE MARDEN ALL OVER)EFFECTIVE CASE
DEPTHS AS FOLLOWS:
.020-.030 BEFORE FINISHING
O/5-.080 AFTER FINISHING
ROCKWELL HARDNZSS - CASE CS58 MIN
CORE C 3YMIN

INSPECT PER EIS 985 (MAGNETIC)

NITAL ETCH PER E/S /510 THEN
BLACK OXIDE PER AMS 2485

All DIMENSICNS TO BE MET AFTER PROCESSING
FORGINGS SHALL CONFORM TO ELy /138 ANO £/S 502

n 4—EX-78775.
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{

004 -.006 AFTER FINISHING
UNDERCUT SHALL MOT EXTEND
OUTSIDE THE APD

ELECTRO CHEMICAL ETCH ALLISON PART NO.
AND LASY CHANGE LETTER, SER'AND SBRIAL
NO.WERE PER.AS 478-M/OR7IAR

BREAK T/IP .005 X
.0/5 -.030 ROUNDED
BREAK

SURFACE £

.050 R MIN

ENLARGED VIEW OF GEAR PROPFILE

SCALE NONEB

L9/10 TYPKAL
L9000 /EAACES

Lior s

DO NOT FINISH
SHOT PEENED ROO
INSIDE THIS DIA

PEMOVE 12 TEETH SPACED -~

CEAR TEETH ARE TO FINIS
GEAR TOOT'Y WSPETT/ION
ARE COMPLETED

157

; A Si0e B
i D/A
L 5,000 BREAX =
CSK 90°TO /.fco DA oA A st
(80oTH SIDES
MACHIrVE
@ FOLLOW. ..
ELECTRO CHEMICAL ETCH PO SITION NUMBERS ﬁﬁ‘s’? ”.-
ON TEETH AS SHONWN, RECORD INVOL UTE PROFILE -
AND LEAD CHETKS FOR SIDE A OF TEETH (25, PROCESS GEAR N THE FOLLOWING SEQUENCE SURFACE CHA
AND4; AND FOR SIOE 8 OF TEETM X1, X2,X3,ANOD Xd4; SYMBOL Srdt. -
RECORD POSITION NUMBERS/ON TOOTH TO I. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN  0or v 1
TOOTH SPACING ERROR CHECK'S 2. AREa [ SHALL INCLUDE ALL SURFACES DETWEEN, e
THE APD AND THE ROOT HEAT TR:
£ TH i SOLUTION MACHINE AREA nei E5S 13066 CASE W
WVOLUTE TOLERANCE TO REMOVE ,002 -.004 PER SURFACE (OPTION/
m 00 |SPE 8 DEPTHS
5 105551 0o0s 3 SHCT PEEN SURIACEL AS REGUIRED o
.03
\ 4 GRIND INVELUTE SURFACE [ TO FINISH SIZE ROCK WE L
i ro | sete |
Fﬁ INSPECT
MATERIAL- AMS 6265 NITAL €
STEEL FORGED BARS BLACK ©
SPUR GEAR DATA
6 MTCH 24 ’!’EWE ALL DIME?
20° PRESSURE  ANOL
OISTANCE OVER TWO . 2889 DIA PNS+ ¥, 3999 - 00«6 FORGING
SPACING TOLERANCE % 2:: 3 053300 - 002
40002 g .000Z QUTSOE OlA ou;}%c :.88%8
LEAD TOLERANCE ACTIVE mOFILE ’ 7904 DiA
a2.000/ 83000/ m TOOTH ELEMENTS SnatL 8 W o £D/ S
FULLNESS TOLER ar . 2019 25088
e s I P L
Jsaxnane HOLLOW W FORNM .QQO( |
NOTE 1UNT= OMPZ N
Figure 115. Fatigue Test Gear Configuration 5—EX-78776.



i

— BREAK TIP .005MAX

.0/5 -.030 ROUNDED E

BREAK o
. ' ar PEBNING
[ 050 R MIN

-.006 AFTER FINISHING
ERCUT SHALL NOT EXTEND
0 SIDE THE APD

DO NOT FINISH
SNOT PEEMED ROO
INSIDE THIS DIA

ENLARGED WEW OF SEAR PROPILE
SCALE NONE

L9/IO TYPrRCAL
1.900 /2MACES

MOME /12 TEETH SPACED AS SHOW AFTER
GEAR TEETH ARE TO FINISHED SIZE AND ALL
SEAR TOOT™ IWNSPECTTION REQUIREMENTS
ARE COMPLETED

-- Si0e B
A A
BREAK SHARP EDEES . 010 UOS
- O/A A SKALL BE CONCENTRIC WITH PD WITNIN .002 TIR
W
MACHKINE 4Ll OVER, FPEEN 6!4,0 TEETH FPER EPS 12/90

¢ FOLLOWED BY P 12176
e REMAINING SURFACES MAY B8 PEENED PER EPS /2140
(I UNLESS SPECIFICALLY CONTROLLED BY A V SYMBOL
- PROCESS GEAR IN THE FOLLOWING SEQUENCE e e
P -
ey I. AFTER CUTTING GEAR TEETH, CARBURIZE AND HARDEN 5 e e oOCe aceormaste.
® OUALITY LEVELS.

2. AREAJ SHALL INCLUDE ALL SURSACES seTWeEN,
4 ;‘HE ggs A:‘VCDH L‘:EAROOTS vos NEAT TREAT PER EPS 202
2 oLy I REA [ PER EDS 13066

. CASE HARDEN GEAR TEETH OUTSIDE 3.340 DIA

. RS EMOVER B S CoN AR e =k (OPT/IONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
< 3 SHCT PEEN SURIACEL A4S REGUIRED T o RIS
‘ . 030 ~.0¢45 AFTER FINISHING
I 4 GRIND INVCLUTE SURFACE [ TO FNisH'SIZE ROCKWELL NARDNESS - CASE C58 MIN

CORE C 34MIN
INSPECT PER EIS 985 (MAGNETIC)

MATERIAL- AMS 6265 NITAL ETCH PER E!S 1510 THEN
STEEL FORGED BARS BLACK OX/IDE PER AMS 2485

ALL DIMENSIONS TO BE MET AFTER PROCESSING
“wse 4.3999 £:0548 FORGING SHALL CONFORM TO EDI /38 ANO E/S 502

38
4 oA
ACOONOANSE WT™ ED/ 9

o 258

ition 5—EX-78776.




BREAK TIP.005 MAX

.015 -.030 ROUWDED
BREAK

025 R MIN

004 -.006 AFTER FINISHING
UNDERCUT SHALL NOT EXTEND
OUTSIDE THE APD

|

F Y eer

SHOT PEEA

DO NOT FINIS
SHOT PEENED
INSIDE THIS

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

ELECT ROCHEMICAL ETCH ALLISON PART NO.
AND LAST CHANGE LETTER ,'SER" AND SERIAL
NO. HERE PER AS 478-74/ oR 742

% |
.7505
- At - Taos o4 A
BRE.
N |
= /
CSk 90° TO .810 DIA _] | Eap
(BOTH SIOES) REMOVE I8 TEETH SPACED AS SHOWN ()
AFTER GEAR TEETH ARE TO FINISHED S1Z& MAC.
AND ALL GEAR TOOT™ INSPECTION roiL
REQUIRE MENTS ARE COMPLETED REM,
ELECTRO CMHEMICAL ETCH POSITION NUMBERS S
ON TEETH AS SHOWN. RECORD INVOLUTE PROCESS GEAR IN THE FOLLOWING SEQUENCE Surac
PROFILE 41D LERD CHECKS FOR SIDE A SrsoL
OF TE6TH L83, AND @ AND FOR SIDE 8 /. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN  racrum
OF TE&TH X{ X& X3 AND X4, RECORD F i
POSITION MUMBERS ON TOOTHTD Toorw - SREAL gg"i‘;v’g“#jf Rt A AGES! - BETNEEN HEAT
" GEAR"TO0TH CONTROL_ | SPAC/NG LRROR CHECK'S SOLUTION MACHINE AREA f PER EPS /3066 CASE
INVOLUTE PROFLE TOLERANCE | TO REMOVE .002-.004 PER SURFACE ©PTI
s/uf A oo |soEs ]
2 3 5 Loooo oos|.. - 3. SHOT PEEN SURFHCES AS REQUIRED
4. GRIND INVOLUTE SURFACE F To Fimsw SIZE ROCK
b2.0° | SAyE __|
/3.4 0 T INSP
MATERIAL - AMS 6265
j i STEEL FORGED BARS
%./°| ..0000 songal . . ' BLAC
7.8 V0002 i SPUR GEAR DATA
5.0, | 4% . 12 MTCH 24 TEETH ALl D
79y 20° PRESSURE ANSLE o
.9wl A OISTANCE OVER TWO.I44O0 oA Pwss 2.2000 18985 Foré
: M00T OVA: /767 r.0c2
SPACING TOLERANCE MTCH DA 2,0000
4 0002 50902 QUTSVE DIA: 2./6 «7 ]
LEAD YOLENM ACTIVE PROFILE OUTSIDE /3 969 O/A
<000/ o GEAR TOOTN ELEMENTS SHALL BE N AC: ™ &0/ 9
=099, sfoool AEFERENCE
FULLNESS Tafm AAC TOOTN TMCKNESS AT PO+ .1309 23388
28888 P BASE CCLE DA« [. 8794
MAXIMUM HOLLOW IN FORM.QQ0[
NOTE 1UMT: (Va7 W,
Figure 116. Fatigue Test Gear Configuration 6—EX-78771.
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/P 005 MAX

= ~ NMNDED -
' S A

AEFOR! &
ENINT 1 MIN 1

NG DO NOT FINISH
HSH ATEND SHOT PEENED ROOT
D RC* INSIDE THRIS DIA
S Dir

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

CYCHN ALLISON PART NO.

ETTER,'SER* AND SERIAL

478-141 OR 42

BREAK SHARP FDEES . 010 UOS
r /.4
S O/A A SHALL BE CONCENTRIC WITH PD WITHIN .002 TIR
A A S B I
MACHIME ALL OVER. PEEN SEAR TEETH PER £,PS 12140

ACH/IA FOLLOWED BY €PS /12176
KLOW REMAINING SURFACES MAY BAE PEENED EPS /12/40
MAIN UNLESS SPEC/FICALLY CONTROLLED BY A / SYMBOL

LESS - <.tR IN THE FOLLOWING SEQUENCE
FAGE Ch=: ~ -+ /3 GEAR TEETM,CARBURIZE AND HARDEN

POL Src

U"‘,',“ui* INCLUDE ALL SURFACES BETWEEN
fae O THE ROOT DIA

AT Tas o7 SHINE AREA F PER E&PS /3066

102 —.004 PER SURFACE

SE +
YTION s.. * //RFYCES AS REOUS
c PED
g' i€ SURFACE F To Fimisw s1z€
cawe
MATERIAL - AMS 6265
SPEC STEEL FORGED BAIRS
ACK
DIMé

C6/Ns

SURFACE CrHARACTEWISTICS NOT CONTROLLED BY l\/
SYMBOL SMALL BE COMMENSURATE WITH GOOD M -
FACTURING PRMCTICES WHICH PRODUCE ACCEPTABLE
QUMLTY LEVELS.

HEAT TREAT PER EPS 202

CASE HARDEN GEAR TEETH OUTSIDE /.570 DIA
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
DEPTHS AS FOLLOWS:

OP0-030 BEFORE FINISHING
.¥5-.0830 AFTER FINISHING
ROCKWELL NARDNESS ~ CASE C58 MIN

CORE CIYMIN

INSPECT PER EIS 985 (MAGNETIC)

BLACK OXIDE PER AMS 2485
ALL DIMENSIONS TO BE MET AFTER PROCESSING
FORGINGS S NALL CONFORM TO EDI 138 AND £/ SO02

7.




{ o
BREAK TIP .005 MAX
.0/5 =.030 ROUNDED SURFACE £
BREAK v“
' &r PEBNING
080 R MIN g
004 ~,006 AFTER FINISHING DO MOT FINISH
UNDERCUT SHALL NOT EXTEND SHOT PEENED ROOT
ELECTRO CHEMICAL EFNCMH ALLISON MART NO. OUTSIDE THE APD INSIDE THIS DIA
ANO LAST CHANGE LETTER ‘SER° AND SERIAL
N NERE PETR A 4718-34/ CR742
ENLARGED VIEW OF GEAR PROFILE
SCALE NONB
1910 1YDICKY.
.502 2,900 12 ALACLS
.“” — pas—
e EFJUIO’\;.‘I 12 g.—/-:r// SPACED
QEAR TEETH ARE TO FINISH: | .~
Q sioe A GEAR TDOT 1 INSPECTION R% ° ,
\ COMALETED
L ]
by
Y si0e 8
. L 1.5005 pya A
. 5000
! ST kal;’ Sh
. CSK 90° TO 1.560 DIA N O/A A Sks
(Borw SIDESf §
MACHINE
N, == FotLowec e
- &L ECTRO CHEMICAL ETCH POSITION MAMBERS ON TEETH @ REMAININ.
BSOS [ O E RO (R eyl
CHECKS FOR 3/DE , 2.3, ;
SI10& °F£§’.Z’g§,§’:,§",‘-‘g’gr,’.‘,‘ R“,%g:g?,’;’w PROCESS GEAR |IN THE FOLLOWING SEQUENCE W&m’ "
PN DA I. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN  sacmon il
2. AREA F SHALL INCLUDE ALL SURPACES BETWEEN )
e THE APD AND THE ROOT DIA NHEAT TRE, -n
GEAR TOOTH CONTROL SOLUTION MACHINE AREA PER EPS /13066 CASE HAE -~
INVOLUTE PROFLE TOLERANCE TO REMOVE 002 -.004 PER SURFACE (OPTIONA.
S0 A ap o P
o] S vrFaC € DEPTHS /- -
a3\ [-2858] cos 3.SHOT PEEN SURFACES AS KEQUIRED 035 .
\ 4. GRIND INVOLUTE SUBFACE [ To FINISK S1ZE P
iy S JaTE_
m_u INSPECT
MATERIAL~ AMS ¢ 26S
*l |.oocoo BLACK OX
!J daFcal L aeh i STEEL FORSED pBAkRS
4 ;; Al ool o © MTCH 24 TEETH ALl DIMEN
34 20° PRESSURE ANSLE "'3322
v fco | DISTANCE OVER TWO 2880 DIA PNS> 4.3999 ~. FORGINGS
i S B Y noor oia« 3,533 Z.o02
SPACIG TOLERANCE ATCH DIA: 4.0000
4_.0002 850002 OUTSIOE DiA* 4.3 P; *.88%8
T T eap ToERaNCE- ] ACTIVE PROFILE ouTS/DE 3.7984 DIA
42.000/ 52000/ GEAR TOOTH ELEMENTS SNALL BE N ACCORDANCE WITW ED/ 9
FULLNESS TOLERANGE | ARG TOOTH THCKMESS AT P+ .26/8 28383
888 o, &E BASE CIRCLE Oa- 3.7588
MAXNE HOLLOW IN FORM Q00 |
NOTE ™™ T 1uWT T orer N

Figure 117. Fatigue Test Gear Configuration 7—EX-78778.
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SUREACE £

o arone

SHOT PEEMNED ROOT
INSIDE THIS DIA

LARGED WEW OF GEAR PROPILE
SCALE NONEB

1910 1YPIC &Y.

2,900 12 MACES

REMOVE IZTFETH SPACED AS SHOWN AFTER
QEAR TEETH ARE TO FIN/ISHED S12& AND ALL

QEAR TDOTH INSPECTION REQUIREMENTS ARE
CoOMPLETED

sioe 8

BREAN SKARP EQOES .0/10 UOS
O/A A SHALL BE CONCENTRIC WITH PD WITHIN .002 TIR

MACHINVE ALL OVER. PEEN GEAR TEETH PER £PS 12140
FOLLOWED BY £Ps r2176

REMAINING SURFACES MAY BE PEENED PER EPS/2/40
UNLESS SPEC/F/ICALLY CONTROLLED 8Y A V/ SYMBOL

HE FOLLOWING SEQUENCE SURFACE CHARACTEmSTICS NOT CovTRowLED oy 4/

SYMPOL SrALL COMMENIURA =
R TEETH,CARBURIZE AND HARDEN  racnams mcrces meo moowce weoommer!

£ ALL SURPACES BETWEEN =< -
Aot A . MEAT TREAT PER EPS 202
REA ERS /306 CASE WAROEN GEAR TRETN OUTSIDE 3.340 /A
¥ PER SURFACE ETIONAL TO CASE HAROEN ALL OVER) EFFECTIVE cASK
% [ R :
45 Weov/kER 035 ~.04S BEFORE FINISHING
) 4 030 =045 AFTER FINISHIN
W0E £ 10 Fivisusize ROCKWELL HARDNESS - CASE C58 MIN

CORE CIMIN
INSPECT PER EIS 985 (MAGNETIC)

ATERIAL~ AMS c2es "
"CEL FORGED BARS BLACK OX/IDE PER AMS 2485
ALl DIMENSIONS TO BE MET AFTER PROCESSING

FOCEINGS SHALL CONFORM T0 £D1138 ANDO 1S 502




"BREAR TTP 003 MAX —

0I5 -.030 ROUWDED
BREAK

O40 R MIN

004 -.006 AFTER FINISHING
UNDERCUT SNALL NOT EXTEMD
OUT SIDE THE APD

ENLARGED VIEW OF GEAR PR"FILE

SCALE NONE

ECECTROCHEMICAL ETCH ALLISON PART NO.AND
LAST CHANGE LET TER , 'SER” AND SERIAL NO. HERE
PER AS $T8-TAI OR 142

7505 b A

Csk 90° TO .810 DI/IA
(BOTH SIOES) @

ELECTRO CHEMICAL ETCH POSITION NUMBERS

— ON TEETW AS SHONWN RECORD INVOLUTE

PROFILE ANO (LEAD CHECK'S FOR 3106 A
OF TEGTM /2.3 ANDQ; AND FOR SIDE B
OF TEETY X1y X2, XS, AND X4 RECORD
POSITION NUMBERS ON TOOTY TOTOOTY |,
SPACING ERROR CHECKS

:/g%'?_ ngt: %lt%f m::

SIDE A | o0 |sE &
S ad

g == &

‘ﬁM{M 3

r2.0° . -
220l - PO SAT! M

U\ ocot :
4.

938 TYRPICAL
D48 /& PLACES

ke
2
S

CREMOVE 12 TEETH SMACED A3 SHOWN
AFTER GEAR TEETMH ARE TO FINISNED
SIZE AND ALL OEAR TOOTH INSPECTION
REQUIREMENTS ARE COMPLETED

PROCESS GEAR IN THE FOLLOWING SEQUENSE » -

AFTER CUTTING GEAR TEETM,CARBURIZE AND HARDEN

. AREA F SHALL INCLUDE ALL SURFACES BETWEEN

THE APD AND THE ROOT LI/A

SOLUTION MACHINE AREA /~ PER BCS /3066
TO REMOVE .00Z — 004 PER SURFACE

SHOT FEEN SURFACES AS REGUIRED

GRIND INYOLUTE SURFACE [ TO FINISK SIZE

MATERIANL- AMS 6265
2./°[.0000 e 4 STELL FORGED Bars
L% -\ooozr" SPUR GEAR DATA
59 o! iy ] 12, AITCH 24 TEETH
. ,| 20° PRESSURE ANGLE +0000
,52.?,’ erpl 1. ] DISTANCE OVER. m./w:o OIA PINS+ 2, 2000 ~.0G¥7
" SPACING TIMERANCE m Z:: 4 Z‘ozo’"ooe
40002 s.0002 | uTsoE DA 2. 1667 2:38%8
LEAD TOLERANCE 1 ACTIVE PROFILE OUTS /8969 D/A
42000/ 22000/ GEAR TOOTN ELEMENTS SMALL BE W ACCORDANCE WITN EDI 9
i T TR REFERENCE
FULLNESS TOLER, ANC TOOTH TMICKMESS AT Pp« /309 28338
A . 8.4 o BASE CICLE DIA- [ 8794
MAXMUM HOLLOW IN FORN ..Q00Q/__
NOTE 1UMTs 87 W

E Y e
SHOT PEEN

DO NOT FINIS
SHOT PEENED
INSIDE THIS

B8BrRE

DIA 4
MAC
FOL:

REM,

WLE

SURFAC
FacTR

NEAT

CAS¢
PT
DEP

INSF

B8LAC

y [y
FORG

Figure 118.
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Fatigue Test Gear Configuration 8—EX-78779.



P .005 MAX
OUNDED

R MIN

HING
EXTEND

ENLARGED VIEW OF GEAR PROFILE

SCALE NONE

ETCH _ALLISON PART NO. AND
e’ ,ZSER" AND SERIAL NO.HERE

938 rYPIcAL
48 /2 pLACES

|
SETH 8PACED AS SHOWN
2 TEETW ARE TO FINISHED
L GEAR TOOTH INSHECTION
NTS ARE COMPLETED

AR IN THE FOLLOWING SEQUENGE s -

/NG GEAR TEETH,CARBURIZE AND HARDEN
- INCLUDE ALL SURFACES BETWEEN

ND THE ROOT _QIA

ACHINE AREA PER EPS /13066

.002 =004 PAR SURFACE

SURFACES AS RECUIRED

r€E SURFace F 10 FINISH SIZE

MATERIAL- AMS 6265
STEEL FORGED Bamrs

DO NOT FINISH
SHOT PEENED ROOT
INSIDE THIS OIA

BREAK SHARP E£OGES .0/0 YOS
O/IA A SHALL BE CONCENTRIC WITH PO WITHIN .002 TIR

MACHINE ALL OVER. PEEN GEAR TEETH FPER EPS /2140
FOLLOWED BY £FPS 12176

REMAINING SURFACES MAY BE PEENED PER EiS/2/40
UNLESS SPEC/IFICALLY CONTROLLED 8y A / SYMBOL

SURFACE CHARACTEMSTICS NOT CONTROLLED 8 A \/
SYMBOL SHALL BE COMMENSURATE WITH GOOD MAMU -
FACTURING PRACTICES WMICH PRODUCE ACCEPTABLE
QUALITY LEVELS.

HEAT TREAT PER EPS 202
CASE HARDEN GEAR TEETH OUTSIDE [.570 LyA
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
DEPTHS AS FOLLOWS:

.020-090 BEFORE FINISHING

.0/15-.030 AFTER FINISHING

ROCKWELL HARDNESS — CASE C58 MIN
CORE C DYMIN

INSPECT PER EIS 985 (MAGNETIC)

BLACK OXIDE PER AMS 2485
ML DIMENSIONS TO BE MET AFTER PROCESSING
FORGINGS SHALL CONFORM To £D/ 138 AND £15 502

1779.




oo e

1
.0/5 -, 030 ROUND BREAK SURFAC
[}
050 R MIN &
sHoT

ENLARGED VIEW OF GEAR PROF/
SCALE NONE

TOOTH SPACE SHALL BE FULLY GROUND INCLUDI
D/IA AND ADJACENT FILLETS AFTER HEAT -
OISCONTINUITY SHALL OCCUR AT TNE BLEND o
RADIUS WITH THE ROOT DIA AND INVOLUTE S
3z, PEEN THE ENT/RE TOOTH SPACE PER EPS Ii

-502 \e BY £PS 12176 AFTER GRINDING, THEN NONE SURTA
498 SHOWN. R EMAININGS SURFACES MAY BE PEENED F
UNLESS SPECIFICALLY CONTRLILED BY A v SYMBO
BY GRINDING To BE UNIFORM ON PROFILE , F /LLE
ROOT Did WITHIN . 002. MEASURE AND RECORD Fli
DISTANCE OVER PINS ANOD ROOT Did BEFORE AND
‘B -REMOVE /& TEETH SPACED AS SHOMY AFTER
i \ GEAR TEETIH ARE TD FINISHED SIZ& AND AL
' SIDE B B&AR TOOTY INSPECTION REOUIREMENTS
L 500 oA A ARE COMPLETED
1,5000
CSK 90° TO /.560 /A — O/A 4
(BOTH SIDES)
BRE4
MACH
ELFCTRO CHEMICAL ETCH PO SITION NMUMBERS ON TEETH
ELECTRO CHENMICAL n'g:t.gusou PIRT NO AND AS SHOWN. RECORD INVOLUTE PROFILE ANL LEAD Wm‘a
LAST. CNANGE LETTER, * AND S&11AL NO. CHECSS FO%SIDE A oF reemv 123, AND € ANO FOR racnm
HERE PER AS 478- 2! O A2 SIDE D OF TEETH X/, XEXY, AND X4. RECORD s
POSITION NUMBERS ON TOOTN IO TOOIH SPACING oua
ERROR CHETKS HEAT
GEAR TOOTN CONTROL
E PAOFLE TOLERANCE CASE
] v 08551 oop : DEPT
9 vl\loooe
Lﬂ \ ROCK
0,8° PO A
L l INSP
/ NITAL
1.2°] 0000 Lurca BLAC
e AD WR‘GE:’»;; rZ‘u TEETH MATERIAL - AMS G265 ALL O
" — z" msw. ANGLE v ST[[I fOMD MRS
| BC[L . DISTANCE OVER TWO .zago OIA PINS+ &, 14012 ;So,, FOoRG,
IRTVRS e R R0OT DiA: 3.600 2.002
SPACING TOLERANCE AMIcH o4+ 410000
40002 80002 _ QUTSOE - 43333 ::88%8
1 FAD TOUERANCE ] ACTIVE PROFILE OUTSIDE 3.757/ DIA
+ 000/ 2000/ GEAR TOOTN ELEMENTS SHALL BE W ACCORDANCE WITH £DI 9
AERBL . 8=ErElL REFERENCE
FULLNESS TOLER, ARC TOOTN THMICKNESS AT PD: .26:8 28888
ai F BASE CMCLE DiAs ).6252
MAXIAr HOLLOW IN FORM Q00!
NOTE TUMTs 047 IN.

somm 020 & Wev som ’

Figure 119. Fatigue Test Gear Configuration 9—EX-78780.
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/
.0/5 -,030 ROUND BREAK vap‘w £
ACE £ =
1

050 R MIN BEFORE
- BEFOR SHOT PEEN'NG
7T PEE!.
ENLARGED VIEW OF GEAR PROFILE
FILE SCALE NONE
TOOTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT
DING R DIA AND ADJACENT FILLETS AFTER WEAT TREAT NO
" TREA DISCONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
oF TH: RADIUS WITH THE ROOT DIA AND INVOLUTE SURFACES. SHOT
SURFA A PEEN THE ENTIRE TOOTH SPACE PER EPS 12/40 FOLLOWED
12140 - N By cPS12176 AFTER GAINDING, THEN NONE SURFACE £ TO YALUE
race SHOWN. R EMAINING SURFACES' MAY BE PEENED PER £ms 12140
) PER . UNLESS SPECIFICALLY CONTRILED BY A vV Sy MBOL. STOCK REMOWL
moc. s . . BY GRINDING To BE UNIFORM ON PROFILE, FILLET RADIUS AND
LET R v .~ ROOT Did WITHIN . 002. MEASURE AND RECORD FILLET RADIUS,
FILLET e DISTANCE OVER PINS AND ROOT DI BEFORE AND AFTER GCRINDING
O AFTe REMOVE 12 TEETH SPACED AS SHOMY AFTER
OEAR TEETH ARE TO RNISHED SIZE AND ALL
SIDE B 0&AR TOOTH INSPECTION REQUIREMENTS
ARE COMPLETED
A O/A A SHALL BE CONCENTRIC WITH PD WITHIN .002 TIR
A /3
BREAK SHARP EDGES .0/0 UOS
EAK SA4 e
MACHINE ALL OVER.
CHINE 4.
TRO CHEMICAL ETCH FOSITION NUMBERS ON TEETH
R - s o L e o e cumcrmnarcs vor comaces o 4./
B L - T AORSO A OF TEETH 123 ANDE: AND FOR  pacnmms MMCTIES WocH PROGUCE. ACCEPTABLE
B . "D OF TEERM x4, XEX3 AND X4 RECORD IO
TIOA NUMBERS ON TOOTH IO TOOTH SPACING
uTY LEVEL OR CHETKS NEAT TREAT PER EPS 202
LT S CASE MARDEN GEAR TEETW OUTSIDE 3.340 D/A
SE MLt (OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
STIONA. DEPTHS AS FOLLOWS:
PTHS - 035 -, 045 BEFORE FINISHING
.035 030-.045 AFTER FINISNING
030 ROCKWELL NARDNESS - CASE C58 MIN
CKWELL CORE C34MIN
INSPECT PER EIS 985 (MAGNETIC)
SPECT
NITAL ETCH PER EIS 1510 THEN
raL €7 BLACK OXIDE PER AMS 2485
x
hek o MATERIAL - AMS 6265 ALL DIMENSIONS TO BE MET AFTER PROCESSING
DIMEN oy STEEL FORSED BARS
‘8359 FORGING TO CONFORM TO ED/ /38 AND £/S 508
PSS ING
~yITH &ZDI S
3—-EX-T78780,.




BREAK TIP 005 MAX -
.O/5 ~.030 ROUNDED BREAK SURFACE £

025 R MIN BEFORE
SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

TOOTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT

DIA AND ADJACENT FILLETS AFTER HEAT TREAT. NO

DIS CONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
RADIUS WITH THE ROOT OIA AND INVOLUTE SURFACES. SHOT
PEEN THE ENTIRE TOOTH SPACE R EPS /12140 FOLLIOWED
Br EPS /12176 AFTER GRINDING, THEN HONE SURFACE TO YALUE
SHOWN . CEMAINING SURFACES MAY BE PEENED PER £PS 12140 UNLES*
SPECIFICALLY CONTROLLED BY A V SIMBOL . STOCK REMovAL BY
GRINDING TO BE UNIFORM ON FPROFILE, FILLET RADIUS AND ROOT
DIA WITHIN .002. MEASURE AND RE coko FULET RADIUS, DISTANCC
OVER PINS AND ROOT DIA BE FORE ’l D AFTER GRINOING

252
248

REMOVE /ETEETH SPACED AS SHOW,
AFTER OEAR TEETH ARE TD FINISHED
T505 [, NZ& AND AL GEAR TOOTH MSFECTION
7500 4’ REQUIREMENTS ARK CoMMLETED

®

928 rrpicac
348 12 mLACES

-SIDE B

B /.
CSK 90° TO .810 D/A: S0 A ) i O/A A
(BOTHN SIOES) anEa
ELECTRO CHEMICAL ETCH ALLISON PART MO. ANO CLECTRO CHEMICAL. ETCH POSITION NUMBERS P
— LAST CHANGE LETTER,'SER’ AND SERIAL NO.HERE ON TEETH AS SHOWN, RECORD INVOLUTE
PER AS 478-TAI- OR P42 PROFILE AND LEAD CHECKS FOR SIDE A
OF TEETH 1,2,5.4AND4; ANO FOR S1DE B
OF TEETH X1, K2, %8 AND X4. REC ORLD POIITIOV SUPFACE
NUMBERS. ON TOODY TOTOOTH SPACING 's_zoa s
CcHE U,
ERROR S ;
0 HEAT
GEAR TOOTH CONTROL

INVOZU,! WI? Ym (COAPS7$O
SIR_; A 00 | SI0E 8 7

2 %wo
Rockw.

jog* | e | same |

INS PE
MATERINL- SMS (265 NITAL
20,77 L0000 urca STEEL FORGED BARS BLACK
32.3ul0002 SPUR GEAR DATA
AR 12 MTCN 24 TEETH ALL Ly
7] 28° PRESSURE ANGLE *
s sco DISTANGE OVER nrao./u’uo ora Pns. 2.2006 2.33%8 FORGIN.
R00T DiA« 1.800%.002
SPACING TOLERANCE ATCH D/A= 2.0000
4..0002 20002 OUTSIDE DIA» 5‘,’/5%2-:38’39
LEAD TOLERANCE ACTIVE PROFILE OUTS 1.8759 DIA
- GEAR TOOTH ELEMENTS SNALL BE W ACCORDANCE WITW EDI 9
42.000¢ plooo/ AriRey
FULLNESS TOLE ANC TOOTH THMCNNESS AT PD. .1309 28338
4.8%88 o BASE CHCLE 1A |.8126
MAXIMUM HOLLOW IN FORM
WOTE TUMTs 07 W

SPED S08 § EUS. 100 ‘

Figure 120. Fatigue Test Gear Configuration 10—EX-78781.
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g

£3°

Mt

R

Bm

BREAK TIP 005 MAX
-.030 ROUNDED BREAK SURFACE F

025 R MIN BEFORE
SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE ,

YOTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT
‘A AND ADJACENT FILLETS AFTER HEAT TREAT. NO
SCONTINUITY SHALL OCCUR AT THE BLEND OF TWE FILLET
ADIUS WITH THE ROOT ODIA AND INVOLUTE SURFACES. SHor
“EN THE ENTIRE TOOTH SPACE R EPRPS 12140 FOLLOWED
EPS /2176 AFTER GRINODING, THEN HONE SURFACE F To VLUE
IOWN . REMAINING SURFACES MAY BE PEENED PER £A5 12140 UNLESS
SECIFICALLY CONTROLLED BY A V SIMBOL. STOCK REMIVAL BY
CINDING TO BE UNIFORM ON FPROFILE, FILLET RADIUS AND ROOT
4 WITHIN .008. MEASURE AND RECOPD FILLET BA)JS, 2IZTANCE
R PINS AND ROOT Di# BEFORE AND AFTER GRINOING

QOVE IETEETH SPACED AS SHOW
? OZAR TEETH ARE TO ANISHED

AND ALL GEAR TOOTH INSPECTION
HREMENTS ARE COMPLETED ~— -

O/A A SHALL BE CONCENTRIC WITH PO WITHIN .002 TIR
BREAK SHARP EDGES .0/0 UOS

TRO CHEMICAL ETCH POSIMION NUMBERS MACHINE ALl OVER.
20 1SETH AS SHOWN. RECORD INVOLUTE
SEILE AND LERD CHECKS FOR 3/DE A
TEETH 1,2,5ANO 4 AND FOR 310€
"EETH X1, X2, X3 AND 1X4. RECORD POIITION SURFACE CHARACTEWISTICS NOT CONTROLLED 8Y A /

L MBERS. ON TOOUDY TOTOOTH 8PACING STMBOL SHALL BE COMVENSUPATE MTH GOOD MW -
- ‘ROR CHECKS FACTURNG PRACTICES WO PRODUCE ACCEPTABLE
OUALITY LEVELS.

HEAT TREAT PER EPS 202

CASE HARDEN GEAR TEETH OUTSIDE& /.570 DyA
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
DEPTHS AS FOLLOWS:
020030 BEFORE FINISHING
0/5-080 AFTER FINISHING
ROCKWELL HARDNESS ~ CASE C58 MIN
CORE C 34MIN

INSPECT PER KIS 985 (MAG/ETIC)

MATERML - NS 6265 NITAL ETCH PER E!S /510 THEN
STELL FORGED BARS BLACK OXIDE PER AMS 2485
ALL O/IMENS/IONS TO BEMET AFTER PROCESSING
2.2006 +333%5 FORGINGS SHALL CONFORM TO D/ /138 ANO £/S 502

OlIA
CORDANCE WITH ED/I 9

"8t8

tion 10—EX-787821.



mTL?!W

(BOTH SIOES)

‘ GCEAR TOOTH CONTROL |
[l

LT

.0000 urca
L0002
i .
i
00
SPACING TOLERANGE
4_0oo2 5_.0002
L EAD TOLERANCE
a%.000/ 83000/

FULLNESS TOLER,
A..M_' o_.m

WAXIRRN HOLLOW W FORNM Q001 |
NOTE 1UMIT V7 M.

36560 _/
CSK 90° TO /.560 VA

. 0I5 ~,030 ROUND BREAK SURE,

.067 R MIN
SHO

ENLARGED VIEW OF GEAR PRO

TOOTH SPACE SHALL BE FULLY GROUND INCLU!
D/IA AND ADJACENT FILLETS AFTER HEAT
‘OISCONTINUITY SHALL OCCUR AT THE BALEND
RADIUS WITH THE ROOT DIA AND NVOLlﬂt
PEEN THE ENTIRE TOOTH SPACE PER E

BY EPS /12176 AFTER GRINDING, THEN HONE suer
SHOWN. REMAINING swrnc;imr BE PEENELR
UNLESS SPECIFICALLY CONTROLLEDBY AV SYMBO!
BY GRINDING 70 8E UNIFORM ON PROFILE, Fill
ROOT DM WITHIN .008. MEASUPE AND RECORD F
DISTANCE OVER PINS AND ROOT DIA BEFORE AN

——————RE MOVE /ETRETH SPACED AS SHOMN AFTER
GEAR TEETH ARE TO ANISHED SILE AND ALL

.502

L5008 , A ARE COMPLETED
O/
BR
= MAC
ELECTROCHEMICAL ETCH. ALLISON PART NO. AND
LAST CHANGE LETTER,'SER° AND SERML NO.
@ HERE PER . 4S 478- 41 0k 702
ELECTRO CHEMICAL ETCH POSITIONMNUMBERS ON ot
TEETH AS SHOWN, RECORD INVOLUTE PROFILE Faci
AND LEAD CHECKS FOR SIDEA OF TEETH (2 ouu
AND 4 ANC FOR S1DE B OF reeny xi, x2, xadzo NEL
X4, RECORD POSITION NUMBERS ON TOOTH
TO TOC™H SACING ERROR CHECKS g‘t:
M 1
MATERIAL - ANS 6265 Ro«
STEEL FOrROED LIRS
INC
NI
8L
SPUR GEAR DATA
6 PITCH 24 TEETH ALl
25 ° PRESSURE ANGLE
OISTANCE OVER TWO ,2880 DA PNS: 4.4012 :‘33’3: Foi

RoOT DiA« 3. 600 Y.002
MITCH OIAs 4.0000 .
UTSIOE Oia+ 4,333 2: 3898
ACTIVE PROFILE OUTSIDE ).257/ OiA
GEAR TOOTN ELEMENTS SNALL BE W ACCORDANCE WITH EDI 9
REFERENCE v oo
AAC TOOTH THICKNESS AT o« .26:8 28838
BASE CMCLE DiA- 3.6252

Figure 121.

Fatigue Test Gear Configuration 11—EX-78782.
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e

— /
.O/5 =030 ROUND BREAK SURFACE £
REA
[}
L 067 R MIN OEFORE
‘ SHOT PEENING
O’
ENLARGED VIEW OF GEAR PROFILE
RO: SCALE NoMNE

TOOTH SPACE SNALL BE FULLY GROUMD INCLUDING ROOT

D/A AND ADJACENT FILLETS AFTER HEAT TREAT NO
OISCONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
RADIUS WITH THE ROOT DVA AND INVOLUTE SURFACES. SNOT
PEEN THE ENTIRE TOOTN SPACE PER EDS 12140 /OLLOWED
BY £PS 12176 AFTER GRINDING, THEN HONE SURFACE £ 70 vaLuE
SHOWN. REMAINING SURFACES. MAY BE PEENER PER&PS 12140
UNLESS SPECIFICALLY CONTROLLED SBY # \/SVMBO‘. STOCK REMOMWL
BY GRINDING TO BE UNIFORM ON PROFILE, FILLET RADIUS AND
ROOT DM WITHIN .008. MEASURPE AND RECORD FILLET RADIUS,
O/STANCE OVER PINS JND ROOT Did BEFORE AND AFTE R GAWDING

REMOVE IETEETH SPACED AS SHOM AFTER
GEAR TEETH ARE TO FINISHED SIZE AND ALL

sceB GEAR TOOIH WSPECTION REQUIREMENTS
ARE COMALETED

O/A A SHALL BE CONCENTRIC WITH PD WITNIN .002 TIR

Wi
BREAK SHARP EDGES .0/0 UOS

e s ) MACHINE ALL OVER.
WAC + ¢ SHEMICAL ETCN ALLISON PART NO. AND

ANGE LETTER,'SER AND SERML NO.

R.-ASY78- 740 742

RS ON SURFACE CHARACTEWISTICS NOT CONTROLLED BY A \/
|7 rA own_f SYMBOL SALL BE COMMENSLRATE WTN GOOD MW -
b ooo FACTURING PRACTICES WO PRODUCE ACCEPTABLE
i TH AN QUALITY LEVELS.
o "%’6"‘,.”‘” WEAT TREAT PER EPS 202
e CASE HARDEN GEAR TEETH OUTSIDE 3.340 D/IA
TA (OPT/ONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
13 DEPTHS AS FOLLOWS:
DE+ 035 -.045 BEFORE FINISHING

©030-.045 AFTER FINISHING
MATERIAL - INS 6265 ROCKWELL HARDNESS —CASE C58 MIN
Ro¢ STEEL FORSED BARS CCRE CI&MIN
INSPECT PER EIS 985 (MAGNETIC)
e NITAL ETCH PER EIS 1§10 THEN
NIT BLACK OXIDE PER AMS 2485
o ALL DIMENSIONS TO BE MET AFTER PROCESSING
{ O OO

¢ > 2:85%s FORSING SHWALL CONFORM TO €DI 138 AND 1S 502
l'oA

ST &Vl

1—EX-78782.




BREAK T/IP .005 MAX

.O/5 -.030 ROUNDED BREAK SRFUACE
|
R MIN BEFORE
= SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

TOOTH SPACE SHALL BE FULLY GROUND INCLUDING ROOT

DIA AND ADJACENT FILLETS AFTER HEAT TREAT. - NO
DISCONTINUITY SHALL OCCUR AT THE BLEND OF THE FILLET
RADIUS WITH THE ROOT OIA AND INVOLUTE SURFACES. SHOT
PEEN THE ENTIRE TOOTH SPACE PER EPRS /2140 roccomep 8y
EPS 12176 AFTER GRINDING, TNEN HONE SURFACE £ TO YALUE SHON
REMMINING SURFACES MAY BE PEENED PER EPS/2/40 UNLESS
SPECIFICRLLY CONTROLLED BY A / SYMBOL. STOCK REMOvAL BY
GRINDING TO BE UNIFORM ON PROFILE, FILLET RADIUS AND ROOT
DIA WITHIN .008. MEASURE AND RECORD FILLETRADIUS, DISTANCE
OVER PINS AND ROOT.DIA BEFORE AND RFTER GRINDING.

938 rYPICAL
248 /2 ALACES

=10€ B
soE A-
CSK 90° TO .8i10 DIA | } BAAR
(BOTH SIOES) ~REMOVE 18 TEETH SPICED AS SHOWN BREAK
AXTER GEAR TEETH ARE TO FINISIHED
ELECTRO CHEMICAL ETCH ALLISON PART NO.
= AND LAST CHANGE LETTER SER"AND SERIAL NO. OIC o ALL BEAR TUOTY NSEECT I, S
HERE A5QT8-741 OR 772 @ REQUIREMENTS ARE COMPLETED
ELECTRO CHEMICAL ETCH FPOSITICN NUMBERS
ON TEETH AS SHOMM RECORD INOLUTE SURFACE ¢/
PROFILE AND LEAD CHECKS FOR SIOE A ST ¥
OF TEATH 1,2,8, ANO & AND FOR 3106 B oo
OF rsngﬂm X2 XS AND X4. RECORD s ‘;
POS! NUHBERS ON roor+ TO ToorM AT T
[ _GE4R TOOTW CONTAOL SPACING ERROR CHECKS
INVOLUTE PROFNE TOLERANCE CASE ¢+
SN 4 oD (SIOE 8 ‘ (OP'TIO'
L — DEPTH:
] u\-m £
£
ROCK WL
0.8° ]
7.6 U NSPEC
MATERIAL- AMS 6265 STEEL FORGED BARS U
I. NITAL ¢
%r“ BLACK
[T SPUR GEAR DATA
a A z/’z f’v,r:: 29 m'm[ ALL DIM,
. * SURE  ANGL /
" xo DISTANCE OVER TWO ./Ugg”m ps: 2.2006 783 [ FoRGInG
R00T DiA+ 1.800 t.
SPACING TOLERANCE ATCH DA+ 2.0000
4.-0002 »_0902 QUTSIOE 1A= 2. (667 2.2
LEAD TOLERANCE ACTIVE PROFILE OUTSIOE /8759 D/IA
42.0001 sLoooy ar:‘n “&a_om ELEMENTS SKALL BE W ACCORDANCE WITH ED/ 9
FULLNESS mm— AAC TOOTN THICKNESS AT D« /309 8338
. 888F » QASE CCLE DA+ 1.8126
MAXIMUAY HOLLOW W FORM.
"NOTE TUNTs 07 W

Figure 122.
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Fatigue Test Gear Configuration 12—EX-78783.




YOw.

)Y
b4

\ S+
K
INE

IME
NG 1.

BREAK TIP .005 MAX
.030 ROUNDED BREAK SURFACE £

0% R MIN BEFORE
SHOT PEENING

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

TH SPACE SHALL BE FULLY GROUND INCLUDING ROGCT

AND ADJACENT FILLETS AFTER HEAT TREAT, NO
CONTINUITY SHALL OCCUR AT THE BLEND OF THWE FILLET
NUS WITH THE ROOT OIA AND INVOLUTE SURFACES. SHOT
‘N THE ENTIRE TOOTH SPACE PER EPS /2140 Fo(LoWED 8Y
$/2176 AFTER GRINDING, THNEN HONE SURFACE £ 7O VUALUE SHOWN,
AINING SURFRCES MAY BE PEENED PER EPS /2 /40 UNLE SS
CIFICALLY CONTROLLED BY A / SYMBOL. STOCK REMOVAL BY
INDING TO BE UNIFORM ON PROFILE, FILLET RADIUS AND ROOT

WITNIN .008. MEASURE AND RECORD FILLET RADIUS , DISTANCE
R PINS AND ROOT.DYA BEFORE AND AFTER GRINDING.

938 rYPICAL

948 /12 ALRCES
-S10€ B
s0E A ) O/A A SHALL BE CONCENTRIC WITN PO WITHIN .002 T/R
N l -
REMOVE I8 TEETH SPACED AS SHOVYN BREAK SHARP EDGES .0/10 UOS

ARTER GEAR TEETM ARE TO FINISHED
SIZE AND ALl GEAR TOOTH INSPECTION
REQUIREMENTS ARE COMPLETED

MACHINE ALL OVER.

ELECTRO CHEMICAL ETCH POSITION NUMBERS
OW TEETH AS SHOMN, RECORD INNOLUTE SURFACE CHARACTEWSTICS NOT CONTROLLED B A /
PROFILE AND LERD CHECKS FOR 310E A SYMBOL SHALL BE COMMENSURATE WITH GOOD MaMJ -
OF TEETW 1,2,3, ANO 4 AND FOR 3106 B rxm“mmmm ACCEPTABLE

OF TEETH X, X X3, AND X4. RECORD
POSITION NUMBERS ON IroorH TO TOOTH NEAT TREAT PER EPS 202
SPACING ERROR CHECKS CASE HARDEN GEAR TEETH OUTSIDE [.570 D/A
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
! DEPTHS AS FOLLOWS:
O20-030 BEFORE FINISHING
.O/8=030 AFTER FINISHING
ROCKWELL HARDNESS - CASE CS8& MIN
CORE CIYMIN

INSPECT PER EIS 985 (MAGNETIC)

NITAL ETCH PER E/S 1510 THEN
BLACK OXI/DE PER AMS 2485

ALL DIMENSIONS TO BE MET AFTER PROCESS/NG
FORGING SWALL CONFORM TO £0/ /138 AND £/S 508

MATERIAL- AMS 6265 STEEL FORGED BARS

200678399

"DANCE WITH ED/ 9
78

tion 12—-EX-78783.




- BREAR V7P .603 MAX

.0/5 =.030 ROUNDE SURFACE £
BREAK
I &T PEBNIH
050 R MIN _
004 -,006 AFTER FINISHING DO NOT FINISH
UNDERCUT SHALL NOT EXTEND SHOT PEENED R

OUTSIDE THE APD NSIDE THIS D/

ELECTRO CHEMICAL ETCH ALLISON MART NO-AND LAST- ENLARGED MEW OF ‘m PRONILE
CHANGE LETTER SER* AND 3ERIAL NO. HERE PER AS cm & N
ASENS-M( OR 742

. 4iOZ’.

REMOVE I8 TEETH SPACED 43 8HONV
EAR TEETH ARE TO FINISHED SIZE «
GEAR TOOTH INSPECTION REQUIRE N
ARE COMPLETED

0& B

7 oA A
¢SK 90°TO /. feo o oA A
(BoTH SI0ES BREA/
MACH!/
ELLITRO CHEMICAL ETCH POSITION NIMBERS ONTEETH vl
AS SHOWN RECORD lAlwant PROFILE ANO (ERD @ UNLES
CHECKS FOR SIDEAM OF TEETH /8 3, AND 4’ AND
FOR SIDE B OF 78ETH X1, X8 X3, AND X4, RECORD PROCESS GEAR I[N THE FOLLOWING SEQUENCE Surace
e o L SSlea S S SIDO ISR G I. AFTER CUTTING GEAR TEETN,CARBURITE AND HARDEN  Facnsw
ouauTy
2. AREA FSHALL INCLUDE ALL SURFACES BeTweEEN
THE APD AND THE RoOOT ,_pu HEAT
SOLUTION MACHINE AREA | PER EPS /3066 CASE
TO REMOVE .002 -.004 PER SURFACE OPT/(
3 SNOT PEEN SURFACES AS REQUIRED C ot
4 GRIND INVOLUTE SURFACE E TO FINISH SIZE Qocky
INSPE
BLACK
SAUR SEAR DATA
‘ MTCH 24 TEETN ALL D
Z2S° PRESSURE - ANOLE
DISTANCE OVER TWO .2880 O s~ 4.4.0/2 23333 MATERIAL-AMS 6265 STEEL FORG
AOOT DA+ 3.550 t.002 AORGED BARS !
ATCH u- « o
40002 2.0008 :u;o}oa
T TLEAD TOLERANGE | ACTIVE ROFILE ,7’ /
42.000/ 'g Py, mm!wmum &N ACOORDASE WIN ED/ 9
FULLMESS TOLER ARG _TOOTH THGINESS AT PO .26/0 25318
AM .;m_ BMSE COCLE DMe ).6252
NOLLOW N FORN.
NOTE 1UNITs OMT .
]

Figure 123. Fatigue Test Gear Configuration 13—EX-78784.

173




= BREAR VIP SSF RAX

.0/5 =.030 ROUNDE
BREAK

050 R MIN -

006 AFTER FINISHING —.
RCUT SHALL NOT EXTEND
'OF THE APD

200"
TYPICAL

ZPLACEDS

sioe A ARE COMMLETED

8

PROCESS GEAR IN TMHE FOLLOWING SEQUENCE
I. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN
2. AREA F SHALL IVCLUDE ALL SURFACES BETWEEN

THE APD AN THE ROOT

SOLUTION MACNINE ARBA F' PER EPS /3066

Y0 REMOVE .00 -.004 PER SURFACE
A SHOT PEEN SURFACES AS PEQUIPED

4 GR/IND INVOLUTE SURFACE E TO FINISH SIZE

MATERIAL-AMS 6265 STEEL

+.0000
4.40/1Z2 - 0039 FORGED BARS

A
cOROMOE WITN ED/ 9

- 1 )

ENLARGED MEW OF GEAR PROFILE
sdlla’ vong
X

E
Lo roone

DO NOT FINISH
SNOT AEENED ARocoT
NSIDE THIS DIA

-REMOVE I1Z TEETHN SPACED 45 SHONNY AFTER
GEAR TEETH ARE TO FINISHED SZEANDALL
GEAR ToOTH INSPECTION REQUIREMENTS

O/A A SHALL BE CONCENTRIC WTH PD WITHIN .002 TIR
BREAK SHARP EDGES .0/0 UOS

MACHINE ALL OVER. PEEN GEAR TEETH PER EPS 12/40
FOLLOWED BY EPS 12176

REMAINING SURFACES MAY BE PEENED EPS /2140
UNLESS SPECIFICALLY CONTROLLED 8Y A V/ SYMBOL

SUNFACE CHARACTEWSTIC S mrcmu’olrm/
SYMBOL SHALL BE COMMENSURATE WITN 600D MW -
FACTURNG PRMCTICES WHICH PRODUCE ACCEPTABLE
ouLITY LEveLS.

NEAT TREAT PER EPS 202

CASE HARDEN GEAR TERETH OUTSIDE 3.340 DA
(OPTIONAL TO CASE NARC ™N AlLL OWR)IFHCTIV. CASE
DEPTHS AS FOLLOWS:
.035 -, 045 BEFORE PFINISHNING
030 -.045 AFTER FINISHING
ROCKWMELL HARDNESS — CASE C58 MIN
CORE COI4MIN

INSPECT PER &S 985 (MAGNETIC)

BLACK OXIDE PER AMS 2485
ALL DIMENS/IONS TO BE MET AFTER PROCESIING

FORGING SHALL CONFORM 70 £0/ 138 AND £/3 502

ration 13—EX-78784.




|

[~ GEAR TOOTH CONTROL
[TAVOLUTE PROFLE TOLERANCE
" Too [soEB
0999] oos| _ _

PO | SA/ —

A8DL.. AL

SPACING TOLERANCE
40002 s.0002
" LEAD TOLERANCE ™

‘toool ,:ooog

Lo R |

NOTE "~ 71U Oier W,

CSK 90° TO .810 DIA
(BOTH SIDES)

BREAR 1TP 003 MAX

f}é— ” z;o ROUNDED SuRFACE £
——F Ve
SHOT PE.
025 R MIN
004 ~,006 AFTER SINISHING - DO NOT FIN
UNDERCUT SHALL NOT EXTEND SHOT PEENE

OUTSIDE THE APD

ENLARGED VIEW OF GEAR PROFILE

SCALE NONE

_/"_E LECTRO CNEMIC/AL ETCN ALLISON PART NO. AND LASY
CHANGE LETTER, “SER"AND SER/AL NO. HERE PER A3478-74) 02 748

958 TYP/CAL
" 548 12 AACES

RENOVE 18 TRETH SPMCED AS
SHOWN AFTER GEAR TEETH ARE TO
FINISHED SITE AND ALL GEAR
TOOTH INSPECTION REQUIREMENTS
ARE COMPLETED

PROCESS GEAR IN THE FOLLOWING SEQUENCE
/. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN

ZLECTRO CHEMICAL ETCH POSMION 2. AREA F SHALL INCLUDE ALL SURFACES BETWEEN
NUMBERS ON TEETN AS SHOWN RECORD THE APD AND THE ROOT

INVOLUTE PROFILE AND LEAD CHECKS FOR SOLUTION MACHINE AREA F PER EPS /3066
SIOE A OF TEETH 12,3 AND 4, ANDFOR TO REMOVE .00Z ~. 004 PER SURFACE

SIDE B OF TEETH XI, X2 X3, AND X4. ‘
RECORD Poslr;oy'/v%ﬁaavs on ) SWOT PEEN SURFACES AS RPEQUIRED

TOOTH TO TOOTH SPACING ERROR

CHECKS 4 GRIND INVOLUTE SURFACE E TO FINISH SIZE

SAUR GEAR DATA
12 PITCH 24 TEETH
25° PRESSURE ANOLE
OISTANCE OVER TWO. /%40 OiA PWS+ 2,.2006 23059
FOOT DiA+ /775 2.002
ATCH Oae 2,0000

ACTIVE FROFILE BT SibR 1 m /A

OEAR TOOTN ELEMENTS smu.arn ACCOROMNCE WITN EO¢ 9
*

ARC TOOTN THCXNESS AT PDe /309 23318

BMSE CCLE DiA+ ,8126

MATERIAL -AMS 6265 STEEL
FORSED BARS

INSIDE THIS

O/A
B8R

MA«
FOL
RE
UNL

FACT

HEE

CA:
(oP
OEf

INS

8L
ALl
FO4

Figure 124. Fatigue Test Gear Configuration 14--EX-78785.
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025 R MIN

006 AFTER FINISHING
RCUT SHALL NOT EXTEND
/D& THE APD

L2 NOT FINISH
SHOT PEENED ROOT
INSIDE THIS DIA

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

ECTRO CNEMICAL ETCN ALLISON PART NO. AND LAST
IANGE LETTER, *SER"ANO SER/AL NO. NERE PER #3478~ 741 on 742

258 TYPICAL
548 12 ALaces

O/A A SHALL BE CONCENTRIC WITH PD WITHIN .002 TIR
BPEAR SHARP EDGES .0/0 UOS

MACHINE ALL OVER. PEEN GEAR TEETH PER EPS /12140
FOLLOWED BY EP3 /12176

REMAINING SURFACES MAY BE PEENED EPS 12/14¢
UNLESS SPECIFICALLY CONTROLLED 8Y A / SYMBOL

PROCESS GEAR IN THE FOLLOWING SEQUENCE SURNFACE CHARACTERISTICS NOT CONTRILLED BY ‘\/

I. AFTER CUTTING GEAR TEETH,CARBURIZIE AND HARDEN 5 ors mucTies svocn mOOLCE AOCOITABE

2. AREA F SHALL INCLUDE ALL SURFACES BETWEEN ancITisas:
;gfuq’e’gg A"NCD ;ZE ROOT DIA HEA": TR."T PER EPS 202
R ACHI AREA /- PER EPS /3066 CASE HARDEN GEAR TEETH OUTSIDE [.570 DIA
» TO REMOVE .00Z =004 PER SURFACE (OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CASE
N SHOT PEEN SUPFACES AS PEQUIRED ber .asm-Agsgmsggﬁe FINISHING

4 GRIND INVOLUTE SurFace £ T0 FINSH SIZE mwaﬁ Z‘ Hu i R xgg‘; L é-'}'ssg O e
CORE C 3YMIN

INSPECT PER EIS 985 (MAGNETIC)

BLACK OXIDE PER AMS 2485
ALL DIMENSIONS TO BE MET AFTER PROCL 2SING
. »0000 MATERIAL-AMS 6265 STEEL
.2006 % M S 5
2.2 009 FORSED BARS FORGING SHALL CONFOIMNM 7O £Ov 138 AND £/3 502
‘01A
CORDANCE WITH EDv O

8218

ition 14—EX-T78785.



ELECTRO CHEMICAL ETCH ALLISON PART MO AND
LAST CHANGE LETTER, "SER' AND DERIAL NO. HERE
PER AS 478 - 74/ OR 742

A

BREAK TiP ,005 MAX

.0/5 -.030 ROUNDED
BREAK

067 R MIN

004 -,006 AFTER FINISHIN (¥ = DO MOT Fit.».
UNDERCUT SHALL MNOT E£).TEND SHOT PEE! L
OUTSIDE THE APD INSIDE T¢

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

L9110 TYPICAL
L9OO I ALACES

REMOVE I8 T«
OERR TEETH -

e A ALL GEAR TT
ARE COMPL.
LT
vi swoe B
1.5005
/.5000 o A

-}

CSK 90° TO 1.560 DIA
(BOTH SIOES)

WZ,

GEAR TOOTH CONTROL ‘
INVOLUTE PROFLE_TOLERANCE

SIE A

[ 00 [sioe 8

¢ |.0000

oos

0.9 u\ 000

.0000
.6 ULoo02

Wrca
AFD

- - —-4-

SPUR GEAR DATA
© PITCH 24 TEETH

40002

42.000/

A

" SPACING TOLERANCE
"7 LEAD TOLERANCE
[~ T FULLNESS TOLER

LMAXMUB HOLLOW IN FORM .Q0R(
ROTE -

25° PRESSURE ANGLE

8co

"1

8_.0002

—_ |

93‘000/

JE—

REFERENCE
ARG

TUMTs O/47 W,

2% 37571

PROCESS GEAR |IN THE FOLLOWING SEBQUENCE
/. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN

2. AREA F SHALL INCLUDE ALL SURFACES BETWEEN
THE APD AND THE ROOT [VA
SOLUTION MACMINE AREA F PER EPS /3066
T0 REMOVE .00Z -.004 FER SURFACE

3 SHOT PEEN SURFACES AS REQUIRED

4 GRIND INVOLUTE SuRFACE E 10 Finisw S12E

(B2) ELECTRO CHEMICAL ETCH POSITION NUMBERS ON
TEETH AS SHOWN, RECORD INVOLUTE PROF ILE AND
LEAD CHECKS FOR SIDE A OF TEETM (2,3,AND 4;
AND FOR SIDE B OF T&ETY x|, X2,X3,AND X 4.
RECORD FOSITION NUMBERS ONTOOTH
TO TOOTH SPACING ERROR, CHECKS

».0000
--0009

OISTANCE OVER TWO .2880 DiA PNS: 4.40/2
b ROOT DIt 3.550 t.ov2
AITCH DA+ 4.0000

QUTSIOE DIA* 4.3
ACTIVE PROFILE OUT
GEAR TOOTH ELEMENTS SWALL BE W ACCORDANCE WITW EDI 9

238
OIA

roorn recaness ar ro- .26:8 25388
BASE CMGLE DA+ 3.6257

Figure 125.

177

Fatigue Test Gear Configuration 15—EX-78786.



BREAK TTP 003 MAX
.0/5 -.030 ROUNDED E
BREAK
t A\ PEBNING
067 R MIN : e

\FTER FINISHING —~
Liil  SHALL NOT EXTEND
B0 THE APD

VEW OF GEAR PROFILE
CALE NONE

4910 TYPICAL
900 2P AcKs

ENLARGEDS

soe A

sweB

b
“20CESS GEAR IN TME FOLLOWING SEQUENCE

1 #»FTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN

, REA F SHALL INCLUDE ALL SURFACES BETWEEN
.HE APD AN THE ROOT DIA
‘OLUTION MACHINE AREA PER £&PS /13066
.0 REMOVE ,002 -.004 PER SURFACE

- LHOT PEEN SURFACES AS REQUIRED

~RIND INVOLUTE SuRFACE E 10 FiNisH S1ZE

ELECTRO CHEMICAL ETCH POSITION NUMBERS ON
TEETM AS SHOWN, RECORD INVOLUTE PRQOF ILE AND
LEAD CHECKS FOR SIDE A OF TEETM |2, 3,AND &,
AND FOR SI10& B OF TEETH xi, X, X8, AND X4.
RECORD POSITION NUMBERS ONTOOTHM
TO TOOTH SPACING ERROR CHECKS

-. 0000

-.0009

e

woE MW ED/ 9

3
b

DO NOT FINISH
SHOT PEENED ROO
INSIDE THIS DIA

— REM OVE 2 TEETH SPACED AS SHOWN AFTER
GEAR TEETH ARE TO FINISHED SIZE AND
ALL GEAR TOOTH INSPECTICN REQUIREMENTS
ARE COMPLETED

O/A A SHALL £~ ~ CENTRIC WITH PD WITHIN .002 TIR
BREAXK SHARP ELu..S .0/10 UOS

MACHINE ALL OVER. PEEN GEAR TEETH PER EPS 12140
FOLLOWED 8Y EFPS5 /12176

REMAINING SURFACES MAY BE PEENED PER EPS/2140
UNLESS SPEC/FICALLY CONTROLLED BY A V SYMB8OL

SURFACE CHARACTERISTICS NOT CONTROLLED 87 A \/
SIMBOL SHALL BE COMMENSURATE WITH GOOD MANU -
FACTURING PRACTICES WHICH PROOUCE ACCEPTABLE
OUALITY LEVELS.

NEAT TREAT PER EPS 2O2

CASE HARDEN GEAR TEETH OUTSIDE 3.340 DIA
(OPTIONAL TO CASE HARDEN ALL OVER) EFFECTIVE CASE
ODEPTHS AS FOLLOWS:
.035 -,045 BEFORE FINISHING
030,045 AFTER FINISHING
ROCKWELL HARDNESS — CASE C58 MIN
CORE CIH4MIN

INSPECT PER EIS 985 (MAGNETIC)

BLACK OXIDE PER AMS 2485
ALL DIMENS/IONS TO BE MET AFTER PROCESSING

FORGING SHALL CONFORM TO £D/ /38 AMO £/5 502

MATERIAL: AMS 62065 STEEL
FORGBED BARS

n 15—EX-78786.
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BREAR TIP .00% MAX

.0/5 -.030 ROUWDED
BREAK

033 R MIN

004 -.006 AFTER FINISHING
UNDERCUT SHALL NOT EXTEND
OUTSIDE THE APD INSIDE

ENLARGED VIEW OF GEAR PROFILE
SCALE NONE

ELECTROCHEM/ICAL ETCH ALLISON PART NO.
ANO LAST CHANGE LETTER, 'SER" AND SERIAL
NO. HERE PER AS 478 -TA1 OR T42

\<_ TYeIcAL

18 PLACES

F Y eeror
SHOT PEEN/}.

DO NOT FINISH
SHOT PEENED R

THIS D/

BREA
/
CsK 90° TO .810 DIA— oA A
(BOTH SIOES) LREMOVE 12 TEETH SPACED s SHOWN
@ AFTER GEAR TEErH ARE TO FINISHED MACH I |
ON TEETH AS SHOWN, RECORD INVOLUTE REQUIREMENTS ARE COMPLETED REMA/: -
PROFILE AND LEAD CHECKS FOR SIDE A UNLES:.
OF TEETH I23AND4; AND FOR SIDE B OF PROCESS GEAR IN THE FOLLOWING SEQUENCE subrace
TEETH X1, X2, %3 ANO X4. RECORD POSITION SrmPoL ©
NUMBERS ON TOOTH TO TOOTH SPACING |. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN  pirnmm.
ERROR CHECKS OUALITY |
2. AREA F SMALL INCLUDE ALL SURFACES BETWEEN
] . THE APD AND THE ROOT HEAT
oA RGO TR SOLUTION MACHINE AREA [ PER EPS /3066 CASE
;Z;m‘uf Pﬂlmé;/,é' Srlzéfgﬂv_cr TO REMOVE .002 — 004 PER SURFACE (OPTIC
, . EPTH
0.97,1:20%] Gald ) ’- 3. SHOT PEEN SURFACES AS REQUIRED il
1
N | | 4 GRIND INYOLUTE SURFACEE TO FINISK SIZE ROCK W
10.8° P SANE |
11.6 0 : | i INSPE
] l )
I
b | MATERIAL - AMS 6265
0.7" .oooo avca. ; a BLACK
2302000 ; ‘ ShOR Goal para STECL FORGED BakS
22y a-v‘ ! 12 PITCH 24 TEETH All D1
2390 | 25° PRESSURE ANGLE
B2 .m: DISTANGE OVER TWO /440 DI PINS: 2,2006 " o000 FORGIN
¥ ROOT DiA« [,775 .00 §:aoay
SPACING TOLERANCE PITCH OiAs 2. oooo
5 0002 5 0QoZ__ OUTSIOE DiA= 2. g
LEAD TOLERANCE ACTIVE PROF/LE OUT.SIOE / 675 O/IA
2000/ *o000/ GEAR TOOTH ELEMENTS SHALL SE W ACCORDANGE WITH ED' 9
4 & = REFERENCE
FULL Vi SS TOLERANCE ARG TOOTH TWCKNESS AT £D: /309 > 8318
. 8888 886 BASE CIRCLE OvA+ 1.812
MAXIMUM HOLLOW IN FORM . QQQ.I l
NOTF TUNIT: 0147 IN
Figure 126. Fatigue Test Gear Configuration 16—EX-78787.
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Y{ te sies

).

TR

l

T BREAK TIP .003 MAX

015 -. 030 ROUNDED
BREAK

033 R MIN

.006 AFTER FINISHING
‘RCUT SHALL NOT EXTEND
IDE THE APD

ENLARGED VIEW OF GEAR PROFILE

SCALE NONE

“CTROCHEMICAL ETCH ALLISON PART NO.
LAST CHANGE LETTER, 'SER” AND SERIAL
HERE PER AS 478-741 0R 742

7 siwoe A- g7
“REMOVE 12 TEETH SPACED A4S SHOWN
AFTER GEAR TEETH ARE TO FINISHED

s SIZE AND ALL GEAR TOOTH INSPECTION
REQUIREMENTS ARE COMPLETED

PROCESS GEAR IN THE FOLLOWING SEQUENCE
/. AFTER CUTTING GEAR TEETH,CARBURIZE AND HARDEN
2. AREA F.SHALL INCLUDE ALL SURFACES BETWEEN
THE APD AND THE ROOT DIA
SOLUTION MACNINE AREA PER EPS /3066
TO REMOVE .002 004 PER SURFACE
3 SHOT PEEN SURFACES AS RELUIRED

Y GRIND INVOLUTE SURFACEL TO FINISH SIZE

MATELRIAL ~ AMS 6265
STEEL FORGED BareS

. 00¢ *- 9900
o C -.003%

>

OIA
‘CORDANCE WiTH EODI 9

13318

F Y serore
SHOT PEENING

DO NOT FINISH
SHOT PEENED ROOT
INSIDE THIS DIA

BREAK SHARP EDGES . 0/0 UOS
O/A A SHALL BE CONCENTRIC WITH PO WITHIN .0C2 TIR

MACHINE AU OVER, PEEN GEAR TEETH PER E£PS 1240
FOLLOWED By £PS /12176

REMAINING SURFACES MAY BE PEENED PER EPRSI2/40
UNLESS SPEC/FICALLY CONTROLLED 8Y A SrymBeoL

SURFACE CHARACTERISTICS NOT CONTROLLED 87 A \/
SYMBOL SHALL BE COMMENSURATE WITH GOOD MAWU -
FACTLRWNG PRACTICES WM PRODUCE ACCEPTABLE
QUALITY LEVELS.

HEAT TREAT PER EPS 202
CASE HARDEN GEAR TEETH OUTSIDE /.570 DIA
(OPTIONAL TO CASE HARDEN ALL OVER) EFFECTIVE CASE
DEPTHS AS FOLLOWS:

020-.080 BEFORE FINISHING
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APPENDIX II

SAMPLE PROCESS ROUTING SHEETS

This appendix consists of saraple process routing sheets for a full form ground fillet
gear (EX-78772, Figure 129) and for a protuberant hobbed gear (EX-78776, Figure
130). The processing routings for all 16 fatigue test gear part numbers were identical
except for the changes required by the two root fillet configurations, as shown in these
samples, and for the difference in carburized case depth required by the two diametral
pitches,
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APPENDIX III

MATHEMATICAL DESCRIPTION OF STATISTICAL TREAMENT
OF TEST DATA

This appendix consists of a detailed description of the mathematical model developed to
linearize the test data, its substantiation, its use to determine an endurance limit, and
the determination of the variability associated with this endurance limit. A description
of the method used to determine the significance of main effects and interactions for

the four designed experiment variables is included. Finally, a mathematical equation
developed to assign numerical values to the four geometric factors studied is described.

DERIVATION OF S/N CURVE

Analytical Model

There were two requisites for the mathematical model; it should linearize the relation-
ship between cycles-to-failure and stress to define the endurance limit accurately, and
it should make the variance of the transformed cycles equal within the range of interest
for stress to make tests of significance meaningful.

The mathematical model developed is:

1 C
Lifep =(—i) = A+ Bx

where
K = kilocycles to failure
x = applied stress
C = linearizing parameter
A and B = constants to be determined by the least squares fitting method

The model was checked against two relatively large sets of data. The transformed data
are plotted in Figures 131 and 132. The points and the fitted curve are presen:ed in
conventional S/N format in Figures 133 and 134, The linearity of the transformed data
is evident by inspection. The homogeneity cf variances was checked uain Bagtlett'a
test. The stress (or strength) at infinite life is clearly shown at Lifer = le> =0,

The value of C was selected By trial and error because of time limitations. Further
development work is suggested to automate thc optimization of C and to investigate an

alternate transformation, LifeT = logl TR

Treatment of Runouts

Runout data were used in one of *wo ways. If only runouts occurred at any one stress
level, the runouts were treated as failures at 109 cycles. Where both runouts and
failures occurred at a stress level for any configuration, the data were plotted on
normal probability paper using mean ranks to plot the cumulative probability. The
points were fitted with a straight line with a slope that best fit all sets of data. The
cycles at 50-percent failure represented the average life for all teeth tested at that
stress level for the configuration, This value of life, weighted for the agsociated num-
ber of failed teeth, was used in the least squares fit of the complete S/N line.
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Figure 132. Transformed Gear Tooth Fatigue Data—British Steel EN 39A.
Analysis

The least squares fit of the S/N line for each combination of gear factors represents a
solution to the equation Life = A + Bx, Recalling that the endurance limit occurs at
Life = 0, it follows that A + Bx = 0 at this point. Subtracting A from both sides of the
equation and dividing through by B, and since A is negative, the value of x at the en-
durance limit is simply A/B.

Each endurance limit A/B has a measure of variability associated with it. This vari-
ability is indicated by the scatter in test points about the line, which results from in-
herent variability in material, processing, and testing factors. The variability or

variance, (C'A/B)z' of each intercept was derived through error propagation techniques

(reference 20):
o A% o 2A 5

2 1
(o )¢ = = Ot — oRg° 4+ — 0y
A/B g2 A " gt B 7 z3 "AB

where the components aAz, "Bz’ and "ABZ represent the variance of A, variance of B,
and covariance of A and B, respectively. The variances of A, B, and the covariance
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Figure 134, Gear Tooth Fatigue Data—British Steel EN 39A.

of A and B were evaluated using the techniques presented in reference 3. Briefly, a
matrix arising from the least squares solution of A and B is set up and inverted. The
inverse elements of the least squares matrix, when multiplied by the variance, Se2

3 (LifeT - A - Bx)2 . . - .
= 3 (where n is the number of test points defining the line) associ-
ated with regression, are the variances of A, B, and the covariance of A and B,

To test the significance of main effects and interactions, linear combinations of the 16
endurance limits were computed and then divided by the appropriate standard deviation.
The linear combination divided by the standard deviation constitutes the criterion for
"t" tests of significance.

~TATISTICA]. TESTS OF SIGNIFICANCE

The concept of statistical tests of significance arises because of the inherent variability
agsociated with auy type of testing., In particular, the variability asgociated with fatigue
testing is large.

If repeat iatigue tests are made under identical test conditions, the computed endurance
limits will not be identical, but will be distributed abcut the average of the computed
values. If one or more test conditions are changed (i.e., geometric factors), a criterion
may be set up to determine if the magnitude of the change in endurance limits is larger
than can be expected due to chance alone—at a preselected probability level,
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The criterion establisiied was the ''t" test, where ''t" is the observed difference in en-
durance limits generated from two different test conditions. These test conditions
were then divided by the standard deviation of the difference:

ne EL; - EL,
Jsl! + 82!
where
EL, = the endurance limit associated with the first test condition
ELo = the endurance limit associated with the second test condition
512 and 522 = the variances associated with the resgpective endurance limits

The critical "t" value is a number based on degrecs of freedom (related to number of
data points), and some preselected significance level a (an arbitrary risk of making a
wrong conclusior), The degrees of freedom [or the gear test program was approxi-
mately 50, The significance level was selected as a= 0,05, Therefore, if the com-
puted ''t"' was equal to or greater than 2,0, it was concluded that the factor evaluated
caused a real (or significant) change in endurance limit. For the mathematical sense,
ais defined as the probability that a ''t" value larger than the critical ''t" will result if
the evaluated geometric factor has no true efir. >t on endurance limit; therefore, if a
"t'" larger than the critical "t" is computed, the odds are 19 to 1 that the effect is real,

Some modification of the '"t" tests of significance was necessary because of unequal
sample sizes in the 16 combinations of the four geometric factors. The resulting ''t"
tests are set up by first obtaining the difference between weighted average associated
wita low and high values assigned to the geometric factors, and then dividing by an
approximate standard deviation,

(:wL EL;, IWy ELH)

lltH - EWL IWH
1 .2
64 .2 1
i=1
where
W = sample size
EL. = endurance limit
L = low
H = high

The undefined indices of summation include run numbers to which low values and
high values, respectively, have been assigned for the evaluation of any factor or
interaction,

Confidence intervals are also based on the same criticai "t" values and variances used
in tests of significance. Confidence intervals are set up by the equations:

o= _ g
LL = EL t XSE

a/2

PRI
EL t a/2 X SEL

L
UL

n
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For mathematical terms, the probability is (1-a) that the resulting interval will contnin
the true endurance limit,

An example of a test of signiticance is provided for the main effect—diametral pitch.
For corvenlence, the following notation is defined:

High Low
a = diametral pitch 12 6
b = pressure angle, degrees 25 20
¢ = root radius Large Small
d = fillet configuration Full form Protuberance

By convention, the presence of a leiter (associated with a geometric factor) indicates
that the high value is assigned to that factor. The abs«uce of a letter indicates that the
low level is assigned to that factor. Further, (1) means that the low level is assigned
to all factors. Thus, the configur.:ition ab means gears of 12 diametral pitch, 25-degree
pressure angle, small radius, and protuberance ground.

To test the significance of diametral pitch using the notation developed, a linear com-
bination of 16 computed endurance limits was set up.

L = 1/8[a+ab+ ac+ abc + ad + abd + acd + abed] -
1/8 [(1)+b+ c+bc+d+bd+ cd+ bed)

The first group contains all gearconfigurationsof 12 diametral pitch, and the second
group contains all configurations of 6 diametral pitch.

The variance of L, which is the sam« for all tests, is:

2 _ 1 [2 2 2 |, L[ 2 2
L 64 ["a*"ab*“' Y %abed|" 82Tt Y Tbed

A "t" test of significance is set up by dividing L by the standard deviation of @, or "t
L

L

The four main effects, all two-factor interactions and all three-{actor interactions,
were tested using this method, The exact linear combination for any specified effect
or interaction is found in reference 14 or 29,

PREDICTIVE EQUATION BASED ON TEST RESULTS

A second objective in the analysis of gear tooth fatigue failures was to develop a single
predictive equation incorporating numerical values assigned to the geometric factors
in addition to the basic applied load. The technique is as follows:

1. Define a linear mathematical model

Life,r = A+ Bx
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where

Life, = (1/1{)1/2'2
K = kilocvcles to failure
X = unit stress

2. Redefine the geometric factors

Factor Range
Ul = pressure angle, degrees 20 - 25
U2 = diametral pitch 6 - 12
U3 = dedendum 1,20 - 1. 40
U4 - minimum fillet radius inch 0.49 - 0. 80

maximum fillet radius’

The coefficients A and B in the lirear model are defined by the geometric factors as
follows:

A=(a0+alUl+,.,. +a4U4+a5U1U2+... +al0U3U4+allUl1U2U3+... +
al4 U2 U3 1J4)

B =(b0+ bl Ul +... + bl4 U2 U3 U4)

In terms of the refined coefficients, the expanded model is:

/2.2 . (a0 + al Ul +... +ald U2 U3 U4) +

Lifeq = (1/K)
(b0 + bl Ul +,,. + bl4 U2 U3 U4) X
The individual coefficients were evaluated using the least squares technique,

The following geometric factors affect fatigue life and are listed in order of decreasing
importance:

1. (Pressure angle X diametral pitch X dedendum) X load
2. Pressure angle X diametral pitch X dedendum
3. Pressure angle X diametral pitch
4. Pressure angle X dedendum X filtet radius
5. Pressure angle X fillet radius
6. Pressure angle X load
7. Pressure angie
8. Dedendum
9, Diametral pitch X dedendum
10. (Pressure angle X diametral pitch) X load
11. Dedendum X fillet radius

In terms of coding, the {inalized equation is:
: E 1/%,2| _ -2
Lifeq = (1/K) = 2,27864 - 5,47376 X 10 “ (U1) - 1,18640 (U3) -

8.97196 X 10-3 (U1 U2) + 1. 20233 X 10~ ! (U1 U4) -
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3.67334 X 1072 (U2 U3) + 4. 43879 X 1071 (U3 U4) +
9.11496 X 10°3 (U1 U2 U3) - 1. 17884 X 10”1 (U1 U3 U4) (1oad) +
X {-3.58085 x 1076 (U1) - 1. 9015 x 107® (U1 U2) +
1.75948 x 1075 (U1 U2 U]
The standard deviation (oy) associated with the predictive equation is 0. 9656.

The equation can be used to predict transformed kilocycles only within the rarge of in-
terest for applied load values and only within the range of values assigned to the geo-
metric factors from which the equation was derived.

The most efficient use of the predictive equation can be obtained by first computing
transformed kilocycles using observed values rcr the geometric factors and the applied
load, and thcn converting to cycles or kilocycles, as desired, To obtain an approxi-
mate confidence interval for k‘locycles to failure, add and subtract the quantity

(Zqyo X 0.0656) to and from the calculated Y = transformed kilocycles (Z q/9 is a con-
fidence factor to be obtained from a table of areas for the normal distribution). These
computed upper and lower limits are then transformed to kilocycles using the same
procedures used to convert Y to kilecycles.

The equation, although derived from valid test data, is yet untried in the predictive
sense. It may be that additional testing, at more than two levels per geometric factor,
may be required to derive a mathematical model suitable for general usage in predicting
gear failures.
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APPENDIX IV

AGMA CALCULATED STRESS VERSUS LIFE AND TRANSFORMED LIFE

This appendix consists of life versus AGMA calculated stress plots of the fatigue test
data points for each of the 16 gear configurations, See Figures 135 through 150. The
calculated mean S/N curve fitting the data points is drawn on each plot. Also included
are transformed life versus AGMA calculated stress plots of the fatigue test data points
for each of the 16 gear configurations, See Figures 151 through 166. Life and trans-
formed life versus alternating stress (R. R, Moore) data are shown in Figures 167 and
168, respectively,
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APPENDIX V

DESCRIPTION OF COMPUTFER PROGRAM

This appendix consists of a complete description of the computer program and includes
the program equations, input data sheet, source program print-out, and a sample
problem. The equations are given in both engineering and computer program terms,

DESCRIPTION OF PROBLEM

Gear tooth bending strength is one of the major criteria in gear design. Gear tooth
loading is cyclic in nature, therefore subjecting the material to fatigue. The critical
section is close to the root diameter. Failure usually results in fracture of an entire
tooth from the gear rim,

Calculation of gear tooth bending stress requires geometrically precise description of
the root fillet contour and locition of the critical section. The point of the involute
tooth profile at which the trangmitted load produces the maximum bending stress is
also required. Knowledge of the mounting and operating conditions of the unit in which
the gear is assembled is required to assess the increase in bending stress caused by
misalignment, cverloads, system dynamics, and centrifugal forces. Gear material
ultimate strength and fatigue duta must be kr.own to convert the calculated stress io
anticipated gear life.

The purpose of this program is to calculate gear tooth bending stress and gear life
considering these factors,

METHOD OF SOLUTION

The gear tooth geometry has been developed using basic formulas available in the liter-
ature. The hob dimensions have been used to generate in the program the trochoidal
fillet contour resulting ca a finished gear frecm some gear processing procedures. A
true radius fillet is used when a shaped contour is specified in the program input, The
program uses an iteration routine to inscribe a parabola (per Lewis construction) and to
locate its tangent point with the root fillet contour. The Lewis dimensional parameters
for the weakest section thus obtained are then calculated. These parameters are then
used in the AGMA formula as given in AGMA 220, 02 (Appendix VI herein) to calculate

a bending stress. A hoop stress at the root diameter is also calculated. The AGMA
temperature factor and factor of safety are applied to the bending and hoop stresses,
which are then combined by use of a modified Goodman diagram. The modified Goodman
diagram is based on an ultimate strength and S/N curve determined for the material
uscd and the gear tooth designs tested; they may be easily changed within the program,
A life is also determined from the modified Goodman diagram,

COMPUTER TYPE AND PROGRAM LANGUAGE

The subject program is written in FORTRAN IV language for use on an IBM 7094 computer

There must be four, five, or six cards per data set depending on data input for words 4
and 5 on Card 1. Data sets may be stacked. Computer running time will be approxi-
mately 0.1 minute per set of data,
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INPUT DATA

A sample input data form is shown in Figure 169, Each set of data requires four, five,
or 8ix cards. A riescription of the cards follows.

Input Card 1
Word Column
1 1- 5
2 6 -10
3 11 - 20
4 21 - 26
- 27 - 29
5 30
6 31 - 40
7 41 - 50
8 51 - 55
9 56 - 60
10 61 - 65
11 66 - 70
Input Card 2
1 1-10
2 11 - 2¢
3 21 - 25
4 26 - 30
5 31 - 40
6 41 - 50
7 51 - 60
8 61 - 70
— 71
9 72
Input Card 3
1 1-10
2 11 - 20
3 21 - 30
4 31 - 40

Description

Number of teeth— Pinion,
Nuinber of teeth—Gear.
Nonstandard center distance (blank if standard gear set).
This must be one of the following beginning in Column 21:
SHAPED
HOBBED
These spaces left blank,
This must be one of the following in Column 30:
0—if pinion is hobbed
1—if gear is hobbed
2—if both pinion and gear are hobbed
Blank--if "SHAPED" is in Column 21 through 26
Horsepower.
r.p. m, —Pinion,
Density—pounds/cubic inch.
Temperature factor.
Safety factor,
Load distribution factor.

Pressure angle at the standard pitch diameter—degrees,
Diametral pitch at the standard pitch diameter,
Backlash—minimum.
Backlash—maximum,
Arc or chordal tooth thickness at the standard pitch
diameter—minimum (pinion),
Arc or chordal tooth thickness at the standard pitch
diameter—maximum (pinion),
Arc or chordal tooth thickness at the standard pitch
diameter—minimum (gear), ‘
Arc or chordal tooth thickness at the standard pitch
diameter—maximum (gear).
This space is left blank.
This must be one of the following in Column 72:
0—if Columns 31 through 70 are arc tooth thickness
1—if Columns 31 through 70 are chordal tooth thick-
ness

Outsirle diameter— minimum (pinion),
Outside diameter— maximum (pinion).
Outside diameter— minimum (gear).
Outside diameter—maximum (gear).
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Word Column

5 41
6 51
1 61
8 €6
Input Card 4
1 1
2 11
3 21
4 31
5 41
6 46
7 51
8 56
9 61
10 66

Input Card 5

50
60
65
70

10
20
30
40
45

50
55
60
65
70

Description

Face width— minimura (pinion).
Face width—minimum (gear).
Maximum tip break (pinion).
Maximum tip break (gear).

Root diameter— minimum (pinion).

Root diameter—maximum (pinion),

Root diameter—minimum (gear),

Root diameter —maximum (gear).

Fillet radius —minimum (pinion) (blank if pinion is
hobbed),

Filiet radius —minimum (gear) (blank if gear is hobbed).
Maximum undercut (pinion) (blank if pinion is hobbed),
Maximum undercut (gear) (blank if gear is hobbed),
Overload factor.

Dynamic factor.

This card is needed only when words 4 and 5 of Card 1 are given as "HOBBED'" and
"0" or "2, " respectively. This card is for PINION only, See Figure 170,

H LEAD = HOB LEAD

HPA®

HADD

Figure 170. Standard or Protuberance Hob Form for Input.
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Word Column Description

1 1-10 Hob tooth thickness,

2 11 - 20 Hob addendum.

3 21 - 30 Hob lead.

4 31 - 40 Hob pressure angle—degrees.
5 41 - 50 Hob tip radius—inches.

6 51 - 6C HPW, (See Figure 170.)

Input Card 6

This card is needed only when words 4 and 5 of Card 1 are given as "HOBBED'' and
"1" or "2," respectively. This card is for GEAR only and is the same format as input
Card 5.

PROGRAM EQUATIONS

Computer program input symbols in both engineering (AGMA) and program terms are
listed as follows.

AGMA Program Definition
NP ANP Number of teeth—pinion,
NG ANG Number of teeth—gear,
BMI BMIN Backlagsh—minimum,
BMA BMAX Backlash— maximum,
== BRKP Maximum tip break—pinion.
- BRKG Maximum tip break—gear,
C CSTDIN Standard center distance,
Cx CNSTD Nonstandard center distance.
= CODE See input fillout.
— CUTTEK See input fillout.
DomMA DOGMA Outside diameter—niaximum {gear),
DoMI DOGMI Outside diameter— m 'nimum (gear).
doMA DOPMA Outside diameter— mauximum (pinion).
doMmI DOPMI Outside diameter— minimum (pinion).
DRMA DRGMA Root diameter—maximum (gear).
DRm1 DRGMI Root diameter—minimum (gear).
dRmA DRPMA Root diameter—maximum (pinion).
dRpq1 DRPMI Root diameter—minimum (pinion).
FGMI FMING Face width—minimum (gear).
Fpmr FMINP Face width—minimum (pinion).,
HP HORSES Horsepower.
— L See input fillout.
Km KM Load distribution factor,
Ko KO Overload factor.
KR KR Safety factor.
KT KT Temperature factor.
Ky KV Dynamic factor.
k) =) RPMP r.p. m, —pinion,
Arc or chordal tooth thickness
toMA or tegma TGMAS Maximum—gear,
tGMI or tegmi TGMIS Minimum—gear,
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AGMA Program Definition

MA ©°F tcPpma TPMAS Maximum—pinion,
toMI or tepyyg TPMIS Minimum—pinion,
rtGMI RFMIG True root fillet radius—gear.,
TepMI RFMIP True root fillet radius—pinion,
- UucaG Maximum undercut—gear.
—_— ' ucCp Maximum undercut—pinion,
ac HADD Hob addendum.
Lc HLEAD Hob lead,
éC HPA Hob pressure angle.
- HPW Hob protuberance.
rr HTIPR Hob tip radius.
te HTT Hob tooth thickness,

The computer program equations in both engineering (AGMA) and program terms follow.
The basic gecmetric equations for gear teeth can be obtained or developed from textbooks.

AGMA Program
_ Np+ NG ppx - ANP + ANG
Pdy = 3%C, 2 X CNSTD
NG ANG
™€ * Np AMG = Znp
- B MG - ANP
Rmg = R6 R ANG
- Np - ANP
9P * Png PP = $r
db = dp X COS ¢, DBP = DI’ X FNCO
dx * Pay DXP = $px
NG ANG
DG * Pna DG = BN
Db = Dg X COS ¢, DBG = DG X FNCO
NG ANG
Dx = Pa, DXG = $px
dopg = domr - 2 X BRKp DODBP = DOPMI - 2 X BRKP
DopB = Domy - 2 X BRKG DODBG = DOGMI - 2 X BRKG

1/2
2
doos) .

s TJ1/2
( DODBP
‘ECP ° [\"db -1

EECP = (‘Eﬁ?’
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« _|(oopB)? |
BCG ~ Db -

¢gcg=(TAN¢, (Rmg+1)) - (¢gcp X Rmg)

¢ 2'
BSTCP = ‘ECP -~ [P
¢ - € —2’
ESTCP ° "BCP * NP
€ € 2"
BSTCG -~ 'ECG Y NG
[ = —_2"
ESTCG =~ "BCG ~ NG
_ = 1/2
. dOMA
dcMA dy, -
— 5 1/2
] | (poma
DOMA *© Dy, -
L
9 1/2
dBC"[‘BCP *1] Cb
; 1/2
dpsrtc [‘BSTCP & q db
: 1/2
dpste © ['ESTCP + q db
1/2
dgo - PECP +-q db
; 1/2
A
Dgsrc © [‘BSTCG * ‘] b
9 1/2
DESTC '[‘ESTCG + q Db

AGMA

1/2

EBCG =

Program

- 1/2
DODBG \~ 3
DBG -

EBCP = (FXTA(AMG + 1)) - (EBCG X AMG)

EECG = (FXTA(RMG+ 1)) - (EECP X RMG)

EBSP

EESP =

EBSG +

EESG =

Eopma

Eocma

DBCP =

DBSP =

DESP =

DECP

DBCG =

DBSG

DESG =

DECG
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2 X PI
EBCP - “Anp
. 2 X PI
EBCP + AND
2 X PI
EECG + W
2 X PI
EBCG ANG
_ 3 1/2
) <DOPMA> -
- DBP “
B d
= 9 1/2
_ | (DoGMA)®
B DBG B

r 9 1/2
LEBCP + 1] X DBP

r 1/2
EBSP2 + 1] X DBP

-

1/2
EE&ﬂd-J X DBP

- 1/2
2

EECP™ + 1 X DBP

r 11/2
EBCG? + 1
/2

X DBG

EBSGZ + 1 X DBG

-

9 1/2
[EESG + 1] X DBG

9 1/2
[EECG + l] X DBG



AGMA

!TINI“&x = NG (C(x; = TAN‘X) +
(Np (ep - TANG ) /27

TN - YO (*BCG - TANS,) + /
(NP (epop - TANG )/ 2w

See Figure 171,

0.5 4,
SIN (AN) = 55D
AN = ARC TAN(__A.I\.’_)
V1 - ANZ
t = ANXD

o
n"
)
™)
——
Ol
S’
+
%
~—
1
3
-
oI

Program

AMPpA = ANG (EOGMA - FXTA) +

ANP (EOPMA - FXT:\)/Z 4

AMPy; = ANG (EBCG - FXTA) +
ANP (EECP-FXTA)/Zr

0. 5 X TPMIS
B 0.5 X DP

AN

1

ATAN —é.ly_
V1- AN?
TPMIS = AN X DP

o - o [((S5202)  22) - 2r

Figure 171. Arc and Chordal Tooth Thickness.



AGMA Program

- Db - DB_
COS¢x = B, ¥ Dram
~~ 1 '¢ = 2
$, = ARC TAN( 3 x—) FRA() = ATAN (V-I—FF——)
X
INVg, = TAN ($) - &, ZF(D) = FTA(I) - FRA(T)
t TPMIN
K=E—+INV¢X PK = 5%p — t+ ZFX
F = TAN (4) - K F(I) = FPTA(I) - PK
Db DBP
Dy = Tosm DVP() = CosFm

Basic Hob Data {See Figure 172,)

Program

TSA =

Zia

HLEAD

DHPA = N X =

HADDN = 0.5 (DHPA - Dg)

HPAR = 0.017453293 X HPA

HTTN = HTT + 2 (HADDN - HADD) TAN (HPAR)

HTTR = 0.5 X HTT - HADD X TAN (HPAR)
HTIPR - HPW

HA = HTTR - GGS(HPAR)

HRCTRX = HA + HTIPR X TAN (HPAR)

RHPA = 0,5 DHPA

HRCTRP HADDN - HTIPR

TN HRCTRX
HPCA = ARC TAN (m)

HYP = VHRCTRX? + HRCTRP2

Wrap pitch line of hob around gear pitch circle by equal increments and calculate path
of hob tip radius center, See Figure 173.
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\ HRCTRP

RHPA DHPA

H LINE
: CIRCLE

Figure 173. Tooth Generation by Hob.
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Program

INC = 0,1 X HTTN (increment of change)
PPPOS = 0 (pitch point position—first time through increase PPPOS
by increments each time)
PPPOS
PPA = “RHPA

HPCTR = VPPPOSZ + RHPAZ

N PPPOS
PHA = ARC TAN (m)

PPPHA = PPA - PHA

HPCX HPCTR X SIN (PPPHA)

HPCY HPCTR X COS \PPPHA)

RCTRA = HPCA + PPA

u

RCTX HYP X SIN (RCTRA) - HPCX

RCTY

HPCY - HYP X COS (RCTRA)

Calculate points where hob tip radius is inaking final cut in fillet of gear. See Figuio
174.

o PITCH LINE
R o
~., Y
\ HRCTRP
= \ = —PITCH CIRCLE
— T
5
, RCTY
YFIL
- XFIL J

Figure 174. Fillet Generation by Hob,
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A
FCPLA = ARC TAN(

FCA = FCPLA - PPA

HRCTRP
PPPOS

Program

XFIL = RCTX + HTIPR X COS (FCA)

YFIL =

Convert location of fillet points from center of tooth space to center of gear tooth.

Figure 175,

XFIL )

N XFIL
FSA = ARC TAN YFIL

~~
FTA = TSA - FSA

RFIL = VXFIL® + YFIL

XTFIL

YTFIL =

Find parabola for evaluating bending stress.

YTFIL

Figure 175.

z

RFIL X SIN (FTA)

RFIL X COS (FTA)

—— FTA
RFIL

I

FSA

RCTY - HTIPR X SIN (FCA)

YFIL

Generated Tooth Fillet.
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See Figure 176,

YTFIL

See

Figure 176. Trochoidal Fillet

Inscribed Lewis Parabola.




Program

FTCA % - TSA

FTPA

» - (FTCA + FCA)

FPARA = - FTPA

.
2
AB = T X TAN (FPARA)

H = 0.5DV - YTFIL

Reiterate for new T, H, and YTFIL valués until AB = 2H is satisfied.

Find the radius of curvature of generated fillet tangznt to parabola, See Figure 177,

SIDEA YFIi. - (RHPA - HADDN)

SIDEA
HYPA = G55 (FCA)

ANGLEA = 0.5 ((%)»r FCA)

FILR = HYPA X TAN (ANGLEA)

Figure 177. Radius of Curvature at Weakest Section.
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Find X value from parabola and diameter of the weakest section of tooth. See Figure
178,

Program

ANGLED = ARC TAN (%-)

T
SIN (ANGLED)

ADJ =

) ADJ
XDIM ¢ EBSTANGLED) - H

DW = 2VT?+ YTFIL?
Find coordinates to center of true fillet radius., See Figures 179 and 180

D
H=—2&+RF

DB <

When H, then (Figure 179):

0.5 DB
CPR = =™

SN p—

X DIM
YIFIL

o ow
| / /
|

Figure 178. Diameter of Weakest Section and Lewis ¥ Value.
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Figure 179.

5pPACE

,_--*E""'"

Coordinates at Center of True Fillet Radius—Base

YCENT

—— CFPRA
CARA

Circle Below Root Diameter

F;

/

v H '.

-

x

[=]

=]

Il:lJ

YT o
= XCENT i
e e il

YCENT

l\-—-—- PK—=

|

Figure 180. Coordinates at Center of "rue Fillet Radius—Base

239

Circle Above Root Diameter



Program

Vi - CPR!

CPRA = ARC TAN (_E?ﬁ‘{_)

oPP = Vu? - (0.5 DB)?

A = OPP - RF

H1 = Val+ (0.5 DB)?

0.5 DB

CA = HI

CARA = ARC TAN (——CA—-
N

ZCA = TAN (CARA) - CARA

B = CPRA - CARA - ZCA

FAPRA = PK + B

XCENT - SIN (FAPRA) X H

YCENT = COS (FAPRA) XH

DB
When —5— > H, then (Figure 180):

2
XX = (9-2‘-3-) SIN (PK)
H
FAPRA = ARC TAN( FAPSI )
Vi - FapsI?
XCENT = SIN (FAPRA) X H
YCENT = COS (FAPRA) x H

Find parabola for evaluating bending stress, Also, find X value and diameter of weakest
section. See Figure 181,

ALPHA = 0.1 (First time only)

V = SIN (ALPHA) X RF
vi = VRF?- v?

XCENT - VI

—3
n
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T |\ ALPHA
7/
Ja'¥”
I'.

YA y——
i .
|
H : “‘“'!—-
N |
)ﬁ L ROOT FILLET
% Q & RADIUS-MIN
N Y
! Q .~/
! & f )
XDIM 5 ook |
* e — T —"‘lJ
| ————— XCENT—
Y CENT

Figure 181. True Fillet Radius Inscribed Lewis Parabola.

Program

T

YA = TANTALPHA)

H = (RV - YCENT) +V

Reiterate for new value of ALPHA until YA = 2H is satisfied.

YB = YCENT -V

pw - V¥BZ+ Tex 2
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T
-
Q ='§-Q
XDIM = T X TAN (Q)
AGMA
T - 63025 X Hp
7P
Wy - 2XT
np
G ~ ﬂpxnmg
2
\'
S, = pX_
h g
bl = b-rT
2
r = bl
1 Rp + b,

. Y
o Kme.,'
W'tKO Pd KsKm
$ %y F 3

Program

Program

. 63025 X HORSES

T
e RPMP

2 XTQ
RPMP

RPMG = RPMP X RMG

V2

SHOOP = RHO ————
386. 064

Bl = HADD - HTIPR
812
RI = %P 781
RFMI = R1+ HTIPR
0.20 /0. 40
7 \%20/7\0.
= 0.22 T
E i (RFMI) (H)
0.15 /\0. 45
T \0-15 /)0
= 0.18 I
= e (RFMI) (H)
0.11 /0. 50
T - T *
KF = 0.14 + (m-l) (-}—{)
; . YAGMA
KF X MN
sg - WTXKO PDX  KSXKM

KV FMINP J

Combine bending and centrifugal stress on the modified Goodman diagram. See Figure

182,

From S/N curve in Figure 183, find the life cycle endurance limit,




300
Ultimate 274,000 p.s. .
]
"! |~
? /
2 20
= o
w1
3 108
3
= 107
= oo 5 =
S o g
2 S =
57 i
=
@ 100
>
=
=]
E
L=
L
0
0 100 200 300
Centrifugal Stress—p.s.i. x 1000

Figure 182. Modified Goodman Diagram Combining Centrifugal and Bending Stresses.
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Endurance Limit—182, 000 p. s. i.

AGMA Stress—p.s.i. X 1000

[

8

10° 104 10°

106

107
Life Cycles

108 109 1010

Figure 183. Fatigue Test Gear Endurance Strength for Coniputer Program.

SOURCE PROGRAM LISTING

The source program is listed on the following pages.
to define generated symbols within the program. Several subroutines are used and are

also listed.
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Comment cards have beenh used



SOURCE PROGRAM PRINT-OUT

[aNa N aNa Nl

(e N aNalal

C
c
C

aNaRaNaRalal

* EXTERNAL SPUR GEARS - FOR
®  EVALUATING BENDING STRESS
¢ PROGRAMED BY M.R, CHAPLIN
L 4
]

ALLISON,DIV. OF GMC
I R B B B Y Y I R A

L3 B 2R K J

REAL KT ¢yKR KM KO KV MNyJP JGoKFP ¢KFEGyKSP,XSG

INTEGER COLE
CIMENSICN CIAPLO) yDIAGILO) sFPRA(G) JFPDE(6)FPSI(6),FPCO(6) FPTALG),
S2FPL6)FGRALOG) 4FGLEIA) FGSTILE)FGCUI6) FGTALG) 2FGL6),
SDVPLO)yRVPLE) yALPHP(6) s TPI6) s HP L 6) yOWPL(E) 4 XDINMPLO),

SCUGL6) s RVGLO) ¢ ALPHG(O) s TG(O6) ¢ HG(6) 4DRG( 6} 4XDIMGISH)
*SBP(614SBGL) , SBPHOP(8)SBGHDP{ 6} , YPAGMALSK) ,YGAGMAL(S),
SFILRPUOG) s FILRGILO) +XCYCEH) o YPST (5}, JP{S)4JG(S5) +KFP(5),
*KFG(S)eQ1(12),33012)

EQUIVALENCE (DIAP(]1),08CP){DIAP(2),D8SP),{(DIAP(3},CP),
${DIAP(4),0XP),(DIAPIS),DESP),(DIAPLS) ,DECP),
S{CIAGI1),DECG) 4 (DIAG(2),UBSG)+(DIAG(3)4DG)o(DIAG(4) +DXG)
*(DIAG(5),DESG)+(DIAGL6},0ECT)

LOGICAL UNIT/POCE (LIN=5 [INPUT S/RCO)
{LCU=6 0OUTPUT 6/8CD)

LIN=5

LOu=¢
1 READ (LINyZ) ANP,ANG,CNSTOL,CUTTER .CODE,HORSES yRPMP,RHO 4 KT ¢ KRy KM,
SPHINPNC BV IN,BMAX TPMIS, TH MAS,TGMISy TOMAS, L,
SCOPMI,DCPMA,CCGMI +DOGMAFMINP FMINGyBRKP,BRKG,
*ORPMIDRPMA,DRGMI (DRCMAYRFMIP yRFMIGUCP 4UCG KOy KY
2 FORMAT (2F%.0¢F10.00A692X4%242F10.044F5.C/
$2F10.0¢2F5.0,4F10.0,12/

*6F10.042F5.0/

#4F10.046F5.0)

COMMON RhPLyHPCAy FYP, HRCTRP, TSALFCA,YFIL

AP=ANP

NG=ANC

DATA STATEMENTS -~ LSED TO OEFINE VARIABLE TITLES FOR OUTPUT

UATA (CQLI{NJsN=1y12) /6HBC (LP,6KC) ¢ 6HBSTC (4AHLPSTC),
S6HPP (ST,640) +6FPP (0P, 6H) y6HESTC (,6HHPSTC),
SEHEC (FPy61C) /

DATA {Q3(N)}yN=1,y12) /76HBC (HP,6HC) 2 6HBSTC (+6HHPSTC),
d6HPP (ST, 610) v6FPP (0P, 6H) +6HESTC (,6HLPSTC),
S6HEC (LP,EFC) !

CATA SHAPEL/G6HSHAPED/
CATA PINICM,GEELR /6HPINION ¢ 6HGEAR /

DATA (XCYC(#) oMuly5) /4008509600 70e8.7/
OATA (YPSI (M) Mx1,5)/265000.9212000.,198000.,186000.,182000./

¢ 0 5 0 & ¢ P 2

RN -— CCNVERT FROM DEGREES TO RADIANS
DEGR -- CCNVERT FROM RADIANS TO DiGREES

AN=,017453293
DEGR=57.29£7795131
PI=3.141592€53589¢€
IPHI=PHIN
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20
30
40
50
60
70
80
90
100
110
120
130

140
150
160
170
180
190
200
210
220
230

240

250
260

340
350
360
370
380
390

400
410

420
430

450
460
470
480



[N a N aNaNaNalal 2 EaNaXal 2N aNalal [aXaNaRalal

[aXaNa¥el

FNRA=PHIN®FN

FNSI=SINIFARA)

FNCO=COS(FARA)

FNTA=FNSI/FNCGC
PDX -—CIAMETRAL PITC (NON STO CENTERS)
CsT0 ~==STD CENTER DIS (ANCE
FXRA --=PHI X {NON STD CENTERS)

CSTO=(ANPEANG)/(2.#PND)
IF (CNSTD) 20419,20
19 CNSTD=CSTC
20 PCX={ANPLANG)/t2.°CNSTD)
FX={CSTC*FACO)/CNSTD
FXRA=ATAN( SQRT{1.-(FX)®¢2)/FX)
FXSI=SINIFXRA)
FXCC=COS{FXRA)

FXTA=FXSI/FXCO
IFN -=—IANVOLUTE PHI (STO CENTERS)
ZFX -— INVOLUTE PHI (NON STD CENVERS)
IF (CNSTD - CSTD) 604,606,008
604 WRITE (LOU,1000)
60 10 21
606 WRIVE (LOU,1001)
GO 70 21

608 WRITE (LCU,1002)
21 WRF'TE (LOUs1004) NPyNG,CNSTO.CUTTER,CODEHORSES RPMP¢RHO VKT s KRy KN

v (Ll 90492490
90 WRITE (LOU,1005) PHIN,PNO,BMIN,BMAX ,TPMIS,TPMAS,YGM]IS,TGMAS
GO YO 94

92 WRITE (LOU,1006) PHIN,PND,BMIN,BMAX,TPMIS,TPMAS,TGMIS,TGMAS
94 WRITE (LOU,1007) OOPMI,DOPMA,DOGMI yDOGMA,FMINP FMING,BRKPBRKG,
¢ORPMI,ORPM2,DRGMI yDRGMARFMIPRFMIGyUCP yUCG KOy KV
WRITE (LOU,2000)
LFN=FATA-FARA
LFX=FXTA-FXRA

AMG ---GEAR RATIO
RMG --~1/GEAR RATIO
AMG=ANG/ANF
RFG=ANP/ANC
PINIOA GEAR
op G — STD PITCH DIA.
cer 8¢ - BASE CIRCLE DIA.
DXP £XG - NON STO PITCH DIA.
cocsp CC0BG - OUTSIDE DIA BREAK
OP=ANP/PND
CBP=DP#FNCC
DXP=ANP/PCX
DG=ANG/PND
TBG=DC*FNCC
OXG=ANG/PC N

0COBPsDCPMI-(2.*BRKP)
CODBG=DOGM I1-( 2.*BRKG)

PINICH CEAR
EECP EECG - EPSILON ENO CONTACTY
EB8CP EBCG - EPSILON BEGIN CONTACT
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490
500
510
520

530
540
550
560
ST0
580
590
600
610

2260
2270
2280
2290
2300
2310
270
280
290
300
310
320
330

620
630

640
650

660
670
680
690
700
710
720
130



[aNaNeNaNaNaNalel (aNaNaNal

aoon

o000 o

[
C
c

C
c
c

EBSP EBSG = EPSILON BEGIN SINGLE TOOTH CONTACT
EESP EESG - EPSILON END SINGLE TCOTH CONTACT
EOPMA EOGMA ~ EPSILON GOD MAX

EECP=SQRT ( (DOCBP/CBP)**2-1.)
EBCG=SQRT( (CODAG/CBG) **2~-1.)
EBCP=(FXTA®(AMGEL.))-(EBCG*AMG)
EECG=(FXTA*(RNGEL.) )-(EECP*RMG)
EBSP=EECP-((2.#%P] )/ANP)
EESP=EBCPE((2.%P[ )/ANP)
EBSG=EECGE((2.#*PI J/ANG)
EESG=EBCG-((2.#PI )/ANG)
EOPMA=SCRT ((DCPMA/DBP )**2-1.,)
EOGMA=SCRT((COGMA /CBG)*%*2-1.)

CIAMETERS AT ENGAGEMENT CONDITIONS

PINION CEAR

CcBCP CBCG = BEGIN CONTACT

cBsP CBSG = BEGIN SINGLE TOOTH CCATACT
DESP CESG = END SINGLE TOOTH CONTACT
DECP CECG = END CONTACT

CBCP=SCRT((EBCP)*22£1.)*DBP
CBSP=SCRY( (EBSP)*%2£1.)*DBP
CESP=SQRT{ (EESP)**2&1.)*DBP
CECP=SQRT( (EECP)*%2£]1.)*DBP
CBCG=SCRT( (EBCG)**2E1.)*DRG
CBSG=SQRT((EBSG)**2&).)*DBG
CESG=SQRT((EESG)**2E1.)*DBG
CECG=SQRT( (EECG)**2E1.)*DBG

AMPKA == PROFILE CONTACT RATIO MAX
AMPMI == PROFILE CONTACT RATIO MIN

AMPMA=( (ANC*(ECGMA-FXTA))E(ANP*(EOPMA-FXTA)))/(2.%P1I)
AMPMI=( (ANC*(EBCG —FXTA))E(ANP*{EECP ~FXTA}))/{2.#PI)

IF (L) 80,82,80
CALCULATE ARC TOCTH THK. FROM CHORDAL THK.

80 AN=(.S5*TPMIS)/(.5%DP)
AN=ATAN(AN/(SCRT( 1.-(AN)%*22)))
TPMIS=AN®CF
AN=(.5#TPM£S)/(.5%0P)
AN=ATANCAN/(SCRT(1.-(AN)%*82)))
TPMAS=AN®CP
AN=({.5%TGMIS)/(.52%DG)
AN=ATAN(AN/(SCRT{ 1.~(AN)*%2)))
TGMIS=AN®*C(
AN=(.5%TGM2S)/(.59DG)
AN=ATAN(AN/(SCRT(1.~(AN)%*22)))
TGMAS=AN*C(

CALCULATE ARC TOOTH THK. AT THE OPERATING PITCH DIA. (DXP)
82 TPMIN=DXP3(((TPMIS/CP)LZFN}-2FX)
TPMAX=DXP*{(({(TPMAS/DP)EZFN)~-ZFX}
TGMIN=DXG®({{TGMIS/DG)EZFN)=-ZFX)
TGMAX=DXG* (((TGMAS/DG)EZFN)-ZFX)

CALCULATE PHT ANC INVOLUTE PHI AT THE ENGAGEYENT CCNDITIONS

247

. g ——————— . ey e oy

740
750
760
770
780
790
800
810
820
830

840
850
860
870
880
890
900
910

920
930

940

950
960
970
980
990

1000

1010

1020

1030

1040

1050

1060

1070
1080
1090
1100



(aNaXaKaEaNalal

500

502 CALL HCE {((XPyCRPFI,ANP,PI RN, TP HP,DWP (XDINP ,HADDP HPWP ,FILRP,

504 CALL HOB (CXGyCRGMIJANGoPI RNy TGoH ™ .i' WG o XODIMG,HADDG 4HPWG,FILRG,

506 CALL HCB (CXPsCRPNMIJANPyPL RN, TP, HP,OWP ¢ XDIMP HADDP HPWP,FILRP,

508

510

512

514

$JOB
$EXEC
sieJo
$16FT
C

C

CALL PHI (CIAP,DEGR,FPRA,FPDE,FPS

CALL PHI (CIAG,DECRoFGRA,FGDE,FGS
PINION GEAR
PK €K =
INVO
ove Cve - DlA,
RVP RVG - RAC.

1.FPCOFPTA,ZFP,DBP)
1+FGCO,FGTA,2ZFG,DBG)

ANGLE FROM THE ORGIN OF THE

LUTE TO THE CENTER LINE OF TOOTH
TC VERTEX OF PARABCLAS
TC VERTEX OF PARABOLAS

PK=(TPMIN/CXP)EZF X
GK=(TGMIN/CXG)EZF X
CO 500 I=1,¢
FsFPTALTI)-FK
CVvP(1)=CBP/COSIF)
RVP{I)=CVP(I1)e.5
FeFGTALL)-CK
OVGUI)=CBG/COS(F)
RVG(I)=CVC(1)e.5
IF (CUTTER.EQ.SHAPED)
IF (CCDE - 1)

GO 10 512
502+504,506

SHTIPRKP,CVP ,6)
GC 10 508

SHTIPRGICVG46)
GO T0 510

SHTIPRP,CVP,¢)

Call +OB (IXGoCRGMIyANGyPI4RN,TGyHGyDWG o XCINMG HiNDG yHPWG,FILRG,

SHTIPRG,CVG ;8)
GO 70 Sl¢

CALL XY (CEGyCRGMI,RFMIG,DEGR4GKyXGoYG)
RFMG=RFMIGEUCC

CALL WEAK (RVCyXG oYGyRFMG4ALPHG s TG oHG ¢DOWG ¢ XDIMG,6)
GO TO 514

CALL XY (CEP,CRPMIRFMIP,DEGRyPK,XP,YP)
RFMP=RFMIPEUCP

CALL WEAK (RVP XP ¢YP,RFMP  ALPHP TP HP ChP oy XCIMP,0)
GO YO S14

CALL XY (OEPyCRPMI,RFMIP,DEGR+PKyXP,YP)

CALL XY (CEBGeDRGM I RFMIGyDEGR¢GKyXG,oYG)
RFMP=RFMIPEUCP

RFMG=RFMICEUCG

CALL WEAK (RVPXP oYPyRFMP(ALPHP TP, HP yOWP ¢ XDIMP6)
CALL WEAK (RVCoyXGoYGyRFMGoALPHG ¢ TGy HG DG ¢ XDIMG,6])
TCP=(€3C25.#HCRSE S)/RPMP

RPMG=RPVMPORMG

TQG=(63C2%5 .#HCRSES)/RPMG

WTP=(2.¢TCF)/CxP

WIG=(2.97CC)/CXGC

00 515 =2,5

CHAPL IN,M, FT4 N84 71893 PS7507 002
UTE 1eJ08

B NB4
C N84

2 4 9 8% & ¢ ¢ %t ¢ 2P 2 0
&  STANDARD ANC NON STANODARD
A=FPTA(I1)-FK
8B=COS(A}/FXCC
BBB=1.5/XCIMPL])
EBBB=(SIN(A)/COSLANI/LTPIINC2.)
YPAGMAUI)=FCx/(BB*(BBB~BBBB))
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c10

1110
1120

1130
1140
1150
1160
1170
1180
1190
1200
121N
1229
1239
1240
1250
1260
1270
1280
1299
1300
1310
‘320
. 030
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
147)
1480

1490
1500
1510
1520
1530
|

1560

1580



[aNaNe]

515

400

404

402
406
408
410
412
414
416

418
4«20

422

426

A=FGTA(])-(CK

e8sCOS(A)/FXCO
8BB=1.5/XCIMG( 1)
BEBB={SIN(2)/COSIM)/ITGLI)®?,)
YGAGMA( 1)=FCX/(BR*(BBB~BBRB))

¥N=1.0

IF (CUTTER.FC.SHAPFC) GO TO 406

IF (CCDE - 1)

402,404,400

Bl=HACDOP-+T1PRP
Ri=@le*2/((CP2.5)EBL)
RFM[P=RLEFTIPRP
El1=FACCC-+TIPRG
Rl=gle*2/((CCe.5)¢EB1)
REMIG=RIEFTIPRG

GO TO «C¢

@l=HACOP-FTIPRP
Ri=B81%e2/((CP*.5)EB1)
RFMIP=RILFT]IPRP

IF (IPHI-2C}
CC 4]0 I=2,5
KFP(l)=,22 C
KFGIl)=.22 &
GG 10 420

CC 4l4 [=2,5
KFP{l)=.18 &
KFG(l1)=.18 ¢

400,412,416
(CITPLL)®2.)/RFMIP)®*,20
(((TGIT)*2.)/RFMIG) #*,20

(((TPLT)9*2,)/RFMIP )& 15
{UITGII)®2.)/RFMIG)*e,.15

((TP{1)%2.)/HP(1})ee,.40)
(LTGUI)%2.)/HG( 1) }e%,40)

((TP{L1®2.) /HP( 1)) *2,45)
((TG(1)22.) /HG{ 1) )*#,45)

CC 1O 420
CO 418 1=2,5
KFP{I)=.14 ¢C

CC 422 [1=2,5

JPUI)sYPAGKALT)/LKFPLTI)®MN)
JGUI)=YGAGPA(L)/(KFGI{ ])®MN)

KSP=}l,

~5G=1,

SBPUL)=((WIPEKQ)/KV)®(POX/FMINP)®( (KSPeKNM)/JPLI1))
SBGII)=({wWIGEKO)/KV)S(PDX/FMING) 2 (KSGEKM}/JG(T))
VP=PIoDRPM e ({RPMP/60.)

SHCCPP=RHCO(VP922/386.064)

VG=PI®DRGM J*(RPMG/60. )

SHCCPG=RHO*(VG*¢2/386.064)

DC 426 1=2,5

SBPHOP( 1) =SBPL 1)L SHOOPP

SBGHOP( 1)=SBG(1)&SHOOPG

BENDING & FCOF STRESS FROM MODIFIED GOODMAN DIAGRANM

522

524
526
528

HOCPMA=2T74(CCC,

CO 522 1=2,5
DIFFP»HCCPMA - SBFHOPILI)
CIFFGsHCOPPA - SBGHOPI(IT)
EP=HOCPMA-SFHGOPP
EG=HOOPPA-SHOOPG
AP=(HCQOPMA @ CIFFP)/EP
AG={HOOPMA ¢ CIFFC)/EG
SBPHOP( 1)=+COPKA-AP
SBGHOP( I1)=+CCPMA-AG

iF (SBPHOPI(5) - 274C00.) 52645264524
WRITE (LOU,1003) PINION
IF (SBGHOP(2) - 274000.) 530,530,928

WRITE (LOU,1003) CEAR

249

(LITPUL)®2,)/RFNIP &8 1] & ((TPU[)%2.)/HP(]))**.50)
KFG(I)=.14 & (((TGUI)®2,)/RFMIG)I®®, 11 * ((TG(1)*2.)/HG(1))**,.50)

1600
1620

1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1R90
1600
1902
1904
1920
1930
1940
1950
1960
1970
1980
1990
2000

2010
2020
2030
2040
2060
2040
2070
2080
2090
2100
2110
2120
2130
2150
2160



530 IF (SBPHOP(5)-182C00.) 624¢£249626
624 WRITE (LOU,10C8) PINION

GO Y0 628
626 CALL CISCOT (SBPHCP(5),DUMA,YPSIoXCYC ¢DUMB,-31,5,0,EXP)
628 IF (SBGHOP(2)~-182C0C.) 63C,630,632
630 WRITE (LOU,1008) SEAR

GG TO 609 ,
632 CALL CISCCT (SBGHCP(2)4DUMAYPSI ¢XCYC yOUMB,-31,5,04EXG)

609 WRITE (LOU,1CCS) PINION,GEAR

N=3

CC 201 1=2,%

WRITE (LOU,1010) CLIN),QLINEL)SBPHOPIE),Q3IN)4Q3(NEL),SBGHOP(I)
201 N=NE2

WRITE (LCU,S95) PINION,GEAR
999 FCRMATY (///726X36HE E N D I N G SYTYRESS (AGMA)//21XsA6,28X

0,A6)

N=3

CO 202 1=2,5

WRITE (LOU,E010) CLIN}oQLINEL)oSBPLI)4QIUN)QI(NEL),LSBGIT)
202 N=NE2

WRITE (LQU,$99S) SHOOPP,SHOOPG
9999 FORMAY (///720X11HF00P STRESS/Z10X6HPINION2IX4HGEAR/F19.4415XF12.4)

IF (SBPHOP(S5)-182C00.) €12,€12,610
610 WRITE (LOU,1011) PINION.EXP
612 IF (SBGHOP(2)-182C0C.) 419614
616 WRITE (LOUL1Q11) GEAPRLEXG
1000 FORMAT{1H1724X23HNCN STANDARD SPUR GEARS/35X25HDECREASED CENTER DIS

*TANCE)

1001 FORMAT(1IH124X19HSTANDARD SPUR GEAPRS/ISX24HSTANDARD CENTER DISTANCE
*)

1002 FORMAT(1H 124X22HNCN STANDARD SPUR GEARS/ISX2SHINCREASED CENTER CIS
*TANCE)

1003 FORMAT(///7%X1SFBENDING STRESS A&, 9H AT HPSTC/&XILIHEXCEEDS ULTIMAT
¢t OF 27400C. PSI)
1004 FORMAT (//7/25X3SHI NP U T D AT A SECT I C N/ISK

$LSHNUMBER CF TEETHIX6HCENTEROX LH®TX4HCODET X2HHPLIXIHRPMSX
STHCENSITVE Y 2HKTTX ZHKR 7TX2HKM/S5X15HP INICN GEARBX
#8HDISTANCE 29X 18HP INION LB/CU. IN/SKXI&+6XI44FLl7.648XA6,

$2X1 2, 1X2F 1 £ .4,4F9.4)

1005 FORMAY (/S5SXBMPRESSURESXIHOIAMETRALIXBHBACKLASHBX2SHCHORDAL TOCTH T
K ~PINIONEX2IHCHCROAL TOOTH THK -GEAR/SXSHANGLEBXSHPITCHLLX3HMIN
SEXIHMAXEX2EHMIN {STD PD) PAXEXZ4HMIN (ST0 PD) MAX
$/Flbaeb6yFl3obyFlleéiFI.69F13.643X2F14.6,F15.6)

1006 FORMAT (/S XBHPRESSURESXGHDIAMETRALOXGHBACKLASHBX21HARC TOOTH THK -
SPINJCN1OX1SHARC TCOTH THK -GEAR/SXSHANGLEBXSHPITCHL IX3HMING6X3HMAX
*6X2LHMIN (STO PD) MAXLCX20HMIN (STO PD) MAX /Fl&.64F13.6,
OFl1.4+F9.4,42F13.6,TX2F11.6)

1007 FORMAT (//7%X2CHOUISIDE DIA - PINION9X2CHOUTSIDE DIA - GEAR7X
#1BHFACE WICTH ~ MIN4XL3HMAX TIP BREAK/SXIHMINI4XIHMAXIXIHMINL4X
$IHMAXTXEHP INIONBX 4HGE ARG X6HPINION3IX4HGEAR/IX2F 11,6, TX2F11.645X
$2F10.€43X2FT.4//5%20HROQT DIA - PINICN9X20HROOT ClA - GEAR
OTXLBHFILLET RADIUS -MIN4X1IHNMAX UNDERCUTSX2HKOTX2HKV/S5XIHMINLGX
$IHMAXIX 2HM INT4XIHNAXTXGHP INIUNBXSHGEARAX6HPINTON3IX4HGEAR/ 3X
$2FL1eb6oTR2FL1eby L X2F12.693X2FT.442F9F,4)

1008 FORMAT (///5X1SHBENDING STRESS-A6,17H-AT HPSTC IS LESS/4X
¢56HTHAN THE ENDURANCE LIMIT OF 182000. PSI - INFINITE LIFE.)

1009 FORMAT(///726X2THB E N D I N G S TRE S SIXIOFKICCMBINED)Y//
$21X,AE428X 4AG)

1010 FCRMAT (10X,2A€4F15.4,5X92A€¢F15.4)

1011 FORMAT (//7%*X12HLIFE CYCLES +A6,19H 10 TO A EXPONET CF,FT7.2)

2000 FORMAT (1H134X3THC U T P L T D ATA SECTI CN)

GC 10 1

250

2180
2190
2200
2210
2220
2230
2240
2250

21320
2330
2340
2350
7360

2370
2380
2390
2400



END

$IEFTC PHI.
SUBRUUTINE PHI -CALC. PRESSURE ANGLES AND INVOLUTE ANGLES AT
ENGAGENMENT CONCITIONS

C
C
C

$1BFTC

C
C

$
C
C
C

10

SUBROUTINE PHI (D IA,DEGR,FRA,FDEFSI,FCCyFTA,2F,DB)
CIMENSICN CIAC6),FRALE) FDE(O),FSI(6)FCOU6) FTALL) 42F16)
CO 10 I=1,¢
F=CB/CIAL])
FRA(CTI)=ATANISCRT{ 1.—-(F)**2)/F)
FCE(I)=FRA(L)*CEGR
FSICL)=SIN(FRA(TL))
FCOCT)=COCS(FRACT))
FTACL)=FST(L)/FCOLI)
ZFCI)=FTAL1)-FRA(T)
CONTINUE
RETURN
END
)‘v.

SUBRCUTINE XY -—CALCULATES COORDINATES TO CENTER QOF FIiLLFEY RADIUS

10

11

SUBROUTINE XY (DB,DR4RF,DEGR,PK, XeV)
H=(CR/2.)E6RF

If ((CB/2.)-F) 10,1Cy 12
CPR=(CB/2.)/F
CPRA=ATAN{ICRT(l.-(CPR)**2)/CPR)
OPP=SQRT{(+)*#2-(DB/2.)1%%2)
A=CPP-RF
H1=SQRT((A)**26(DEB/2.)*¢2)
CA=(CB/2.)/r1
CARA=ATANISCRT(1.-(CA)®*2)/CA)
1CA={SIN(CARA)/COS(CARA))I-CARA
B=(CPRA-CAFA)-ICA

FAPRA=PKGE

X=SIN({FAPRZ)*}

Y=COS(FAPRZ)*F

RETURN

XX=(CB/2.)*SINIPK)
FAPSI=(XXERF)/F
FAPRA=ATANIFAPSI/ISQRT(1.~(FAPSI'1%2))}
GO 70 11

END

IBFTC WEAK,

INSCRIBING THE LARGEST PARABOLA THAT WILL FIT THE GEAR TOOTH SHAPE,

146

SUBROLTINE WEAK CALCS. THE CIA. OF THE WEAKEST SECTION (OW) BY

SUBROUT INE hEAK (RV,XCENT,YCENT,RF,ALPHA,T4H,0OW,XDIV,NOD)
CIMENSION FV(6))ALPHALG6),T{6) yHI6),XDIM(6),DHI(6)
CC 10 I=1,M0C
ALFHALT)=,]
CELTA=,1
V=SINCALPHELL) )*RF
VI=SQRT((RF)%32-(Vv)#%2)
T -— HALF CHORC AT THE WEAKEST SECTION
T(1)=XCENT-V]
YA=TOI}/(SINCALPHACT)/COSCALPHA(L)))

H —- TOCTH HEICGHT FROM WEAKEST SECTION TO VERTEX OF PARABOLA
FCI)=(RV(I)-YCENT)EYV
YAP=YA®*.,.5
IF (vap - HLI1)) 1464150, 148

ALPHA(T )=aLPHA(I)-DELTA
CELTA=_1®CELTA
IF (.0CC00CGi—DELTA) 14441504150

251

PHL
PHI
PHI
PHI
PHI1
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI

XY
Xy
XY
Xy
XY
XY
XY
Xy
Xy
XY
Xy
Xy
Xy
XY
Xy
Xy
Xy
Xy
XY
XY
Xy
Xy
XY

WEAK
WEAK
WE AK
WEAK
WEAK
WEAK
WEAK
HEAK
WFEAK
WEAK
WE AK
WFEAK
WE AK
WE AK
WEAK
WFAK
WEAK

O DN WN -

ODNPRNE WA —

P et b Gttt Gt Pt g
~O> NS WN~D



c

140 ALPHAGI)=ALPHACLT)EDELTA

150

10

GO TO 144
Ye=YCENT-V

OW =- WEAKEST SECVION DIAMETER
OM(I)=SCRT((YB)®e26(T(]))0e2)s2,
C=ATANIKLTY/TLL))
C=1.57C79623-¢

X0 1M~ X CIMENSION
XOIM(T)=T(1)*(SINIQ)/COSIQ))
CONTINUE
FETURN
END

SIBFTC rCB.
SUBROUTINE HCE --

c
c
C

(2N aN el

c

SUBROUTINE HOE (DX,ORPM,ANP,PI4RN,T,H OW,XDIM,HADD,+PW,FILR,
*hTIPR,DVP,MCC)

OIMENSICN CVP{6) s XDIM(6),DHI6) o T(E) HI6)PLIG) s YYFILI6)DIAPLG),
*0IAG(6)FILRIG)

EQUIVALENCE (DIAP{1),DBCP),(DIAP(2),08SP) (DIAP(3),CP) ICIAP(4),
*DXP) o (DIAP(S) ,DESP),{DIAPL6) o DECP),(DIAG(1),0BCG),{DIAG(2),
*DBSG){CIAC(3),0G), (DIAG({4)4DXG), (DIAG(S) DESG) 4(DIAG(6) ,DECG)

LOGICAL UNIT/MOCE (LIN=S [INPUT S5/BCD)

(LOU=6 OUTPUT 6/8CD)

LIN=5

LCu=6

KEAC (L INy2) HTT, FADDyHLEAD ¢yHPAHTIPR,HPW
FORMAT (6F10.C}

COMMON RHP2,HPCA,FYF, HRCTRP, TSAWFCA,TFIL
WRITE (LOU,1008) FYT,HAUD,HLEAD,HPA,HTIPR,HPW

1008 FORMAT (//2X9HHOB DATA//5X21HTDOTH THK, ADDENDUMTIX4HLEADAX

$24HPRESSURE ANGLE TIP RAD.TX3IHHPW/6FL13.6)
REAL INC

TSA=P[/ANP

DHP A= ( ANP®HLEAC)/PI
FADDN=,5¢ ( (HPA-DRPM [}

HPAR=FPASRA
HTTN=HTTE2.2(HADDN-HADO)*TAN(HPAR)
HTTR=,SOHT1-HACO® TAN( HPAR)
HA=HTTR-{FTIPR-KPW) /COS(HPAR)
HRCTRX=+AGHTIPROTAN(HPAR)

REPA= ,59DHFA

HRCTRP=FACL-KTIPR
HPCA=ATAN(+RCTRX/HRCTRP)
+tYP=HRCTRF/COS(HPCA)

FINC PARABOLA TANGENT TO GENERATED FILLET

10

FICA=(P1/2.)-T5A

0O 25 I=1,0M00
INC=,10FTTA

PPPCS=0.

PPPOS=PPPOSEINC

CALL GENFIL (PPPOS, TUI),YYFILUI),OW(1)+FCA\MTIPR)
FTPA=PI-(FICALFCA)
FPARAS(PI/2.)-FTPA

AB= T(I1)/TANIFPARA)
F{l)=2 ,Se0VPC(II-YYFIL(I)
K=1000000.¢(AB-2.¢H( 1))
IF (K} Sy15,10
PPPOS=PPPOS~INC
INC=,18%INC

GO 70 S
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WEAK
WEAK
WEAK
WEAK
WEAK
WEAK
WEAK
WEAK
WEAK
WEAK
WEAK
WEAK

HOB

HOB
HOB

HOB
HCB8
HO8
HOB
0B
HOB
HOe
HOB
HaB8
HOB8
HOB8
HO8
HOB8
HOB
HC8
HOB
HOA
HOB
HCP
HCA
HOR
HCB
HOBA
HO8
HO8
HCB
HOB
HOB
HOB
HORA
HO®
HOB
08
HO®
HOB
HOB
L 1o].]

18
19
20
21

23
24

26
27
28
29

70
80
90

H NN D




15 PLlI)= T([)#02/(2.%H(1))
C FINC RACIUS OF CURVATURE OF GENERATED FILLEY AT TANGENT OF PARABOLA
SIOEA=YFILEHADON-RHPA
FYPAsSICEA/COSIFCA)
ANGLEA= 50 ((P1/2.)LFCA)
FILR{I)=HYFA®TAN({ ANGLEA)
==X=-= VALUE FOR PARABOLA
ANGLED=ATAN T(I)/HII))
ACJ= T(1)/SIN{ANGLED)
25 XCIM{1)=A0J/CGS{ANGLED)=-HII)
RETURN
ENC
$IBFTC CENFI.
C SUBRCUTINE GEMNFIL -~
c
C

C FINC

SUBROUT INE GENFIL (PPPOSyXIFILGYTFILyDFIL,FCA,HTIPR)

CIMENSICN CIAP(6) DIAG(6)

ECUIVALENCE (DCIAP(1),DBCP)(DIAP(2),0BSPY,(DIAP(3},CP),(CIAPL4),
$0XP} o (DIAP(S5) +OESP),(DIAP{6),DECP),(DIAG()) 4DBCG) 4 (CIAG(2),
*CBSG) o (CIACt3)+4DG )4 {D1AG(4),DXG) o (DIAG{S)DESG),(DIAG(6),DECG)

COMMON RHPAHPCA,FYP,HRCTRP, TSA4FCA,YFIL

PPA=PPPCS/RhPA

PHA=ATANIPFA)

FPCTR=REPA/COS(PHA)

PPPHA=PPA-FHA

BPCX=HPCTRISIN(PPFPHA)

FPCY=FP(TR2CGS(PPPHA)

RCTRA=HPCAEPP A

RCTX=FYPESINIRCTRA)-HPCX

RCTY=HPCY-FYP*COS(RCTRA)

IF (PPPCS) 1C+10,5

10 XFIL=RCTX

YFIL=RCTY-FT]PR

GO TO 1S

S FCPLA=ATAN{+RCTIRP/PPPQOS)

FCA=FCPLA-FPA

XFIL=RCTX&+TIPR*CCS(FCA)

YFIL=RCTY-+TIPReSIN(FCA}

15 FSA=ATAN(XFIL/YFIL)

FTA=TSA-FS2

RFIL=YFIL/COS(FSA)

XTFIL=RFILYSIN(FTA)

YTFIL=RFILOCOS(FTA)

CFIL=2.0¢RFIL

RETURN

END

$IBFTC OISCCD L 1IST
coisccery

SUBROUTINE CISCOT (XAZA¢TABX,TABY,TABZyNCyNY,N2,ANS)

CIMENSIGON TABX(50C),TABY(500)TARZ{500) «NPX(8) NPY{B),YY(8)

CALL UNS (MNCoIA,ICX4IDZ1MS)

IF (NZ-1) %,5,10

S CALL CISSER (XAgTABX¢LlcNY IDX¢NN)

NNN=1ICXEL

CALL LAGRAM [ XA TABX(NN),TABY{(NN) NNNyANS)

GU TO 17C

10 ZARC=1A

IPIX=10X61

IPLZ=1D261

IF (14} 15425,15

15 IF (ZARG-TZBZ(NZ))
20 ZARG=TABZ(NZ)

250254+ 2C
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HOB 36
HOB 37
408 38
HOB 39
HOe 40
HOB 41
HOB 42
HOB 43
halel.] 44
HO8 45
HOB8 46
HOB 47

GENFIL 1

70

80

90
HOR
GENFIL
GENF IL
GENFIL
GENF IL
GENF IL
GENF IL
GENFIL
GENFILLN
GENFILI1Y
GENFIL
GENFIL
GENEIL
GENFIL
GENFILLZ2
GENFILI1Y
GENFiL14
GEANFILLS
GENFIL16
GENFILLTY
GEMNFIL 18
GENFILLS
GENFIL20
GENF1IL21
GENFIL22
GENFIL2)

QDN WD

01scooln
01scoo020
015C0030
01SCDO050
015C0060
D1SCJ070
015C0080
01SCN090
01SCO100
o1scclio
D1SCO120
01sco130
D15C0140
DI1SCO1S0
DISCO160



25

30

35

40

45
S0

55

70

CALL CISSER (ZARG,TABZy1,NZ,I0Z,NPZ)
NX=NY/NZ

APIL=NP2ZEIL2

I=1

IF LIMS) 3Cy3044C

CALL CISSER (XA,TABX, 1oNX,IDX4NPX)

DO 35 JJ=MPZ,NPIL
NPYLI)s(JJ-1)eNXENPXLL)

NPX(T)=APX (1)

I=l¢g1l

GO0 T0 50

CO 45 JJ=sNFZoNP2L

I1S5=(JJ-1)¢nX61

CALL CISSER (XAyTABXoISyNX, IDXNPXLT))
NPYL{L)=NPX (1)

I=1¢1

CO 55 I=141P12

NLOC=NPX( T

NLOCY=NPY (1)

CALL LAGRAN (XA, TARXINLOC),TABY(NLOCYI),IPLX,YY(I))
CALL LAGRAN (ZARG,TABZINPZ),YY,I1P12,ANS)
RETURN

END

$IBFTC LAGRAD LIST
CLAGRAN

SUBROUTINE LACRAN (XAyX,Y,N,ANS)
D!MENSION Xx(2CC),Y(20C)
SUmM=Q0,0

00 3 I[=],N

PROD=Y(I)

CO 2 J=1,N

AzX{T)-x0J)

IF (A) 1e241
B=(XA=-X(J))/A
PROD=PROCHE

CONTINUE

SUMsSUMEPRCDN

ANS=SUM

RETURM

END

$IBFTC UNSD Lisr

CUNS

10

15
20

25
30

SUBRQUTINE UNS (IC,IA,ICX,10ZsINS)
IF (1C) 515410
IMS=]

NC=-1IC

GO TO 15

IMS=0

NC=1C

IF (NC-100) 204 25425
1A=0

GC 70 30

TA=z ]

NC=NC-100

I0X=NC/10
10Z=NC-ICXx*10

RETURN

END

$IBFTC CISSED LIST
CCISSER

SUBROUTINE CISSER (XA«TAB,IyNXyIDyNPX)
OIMENSION TAB{200C)
NPT=[CEL

254

oIscolro
DIsCn1Ba0
pISCO190
p1sco200
of1scozlo
NisCo220
01sC0230
DISCN240
orscoa2so
DISC0260
otscoaro
D1SC028R0
01sC0290
0ISC0300
0Isco3in
0ISCnN320
NISCO330
0ISC0O340
DI1SCO350
01SCO360
pIsCo37ro
pisco3so
015C0390

LAGROOLO
LAGR0O020
L AGRQO30
LAGRNOSO
LAGRQO60
LAGROOTO
LLAGROGRQ

-
LAGR0OO90

LAGRN100
LAGROL10
LAGRO120C
LAGRO130
LAGRO140
LAGRO150
LAGRO160
LAGROLTO

UNS 0010
UNS 0020
UNS 0030
UNS 0040
UNS 0050
UNS 0060
UNS 0070
UNS 0080
UNS 0090
UNS 0l0¢
UNS 0110
UNS 0120
UNS 0130
UNS 0140
UNS 0150
UNS 0160
UNS 0170

01550010
01850020
DIS>0030
DISS2050



NPB=NPT /2
NPU=NPT-NPE
IF {(NX=NPT) 104,410

5 NPX=]
FETURN
10 NLCW=1GNPR
NUPP=TENX-{NPLEL)
CO 15 II=NLCW,NUPP
ALOC=11
IF (TAB(IT)-X28) 15,20,20
15 CONTINUE
NPX=NLPP-NFEBE]
FETURN
20 NL=NLCC-NPE
NU=NLEIC
CC 25 JJ=MLoNU
NCIS=J
IF (TAB(JJ)-TAB(JJEL)) 25+130,25
25 CONTIANUE
APX=NL
FETURN
30 IF (TABINCIS)-XxA) 40435, 35
35 NPX=NCIS-ITC
RETURN
40 NPX=NCISE1
RETURN
END
$CATA
32.0 1C€0.0 SHAPEC 37155.C
25.0 6.0 «0G12 .01€ .2778
5.702 5.7C7 1¢.629 1€.G34
4.954 40924 16. 1800 16.2000

13820
.2808
2.545
«030

255

«C «2R83 1.1451.0
<2278 2308
2.490 <020

«030 .0 .0 1.0

1.0

<020
1.450

D1SSN040
NISSN0T0
DISSQ080
NIsSsSno9n
D1SSOl0ON
015$N110
nEssol2c
01SS0130
DI1SS0149
DISSN1IAN
NDISSN16N
CISS0170
DISSN1En
nIssola9n
DI1SS0200
D1SS0210
N1ssN220
cI1SSN230
01550240
0ISS0250
01550260
D1SS0270
01550280
01550290
DISS0300
D1SSN310
D1S550320
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" STANDARD SPUR GFARS

STANDARD CFNTER DISTANCE

) I NPUT DATA SECTIAON
NUMBER OF TEKETH  NON STD CENTFe = CODF WP RPM NENSITY
PINION GEAR DISTANCE o N o __PINIMN _ _LA/CY. IN
32 100 11.0C0CCO SHAPFD ~C 3758.AFCA T T387C CARATT 230
PRESSURE DFAME TRAL BACKLASH ARC TOOTH THK -PINION ARC TONTH
ANGLE PITCH MIN MAX MIN (STND ON)  MAX MIN (ST
25.00600u 6.600000 0.0127°  0.C1R0 N,277PC0 N.28080N n,2274r0
QUTSINDE DIA - PINION OUTSINE DIA = GFAP FACE WIDTH - MIN MAX TP R
MIN MAX MIN MAX PINTNN CEAR PINIAN F
5.702G00  5.707000 16.929000 16.93490C 2.545000  2,49000N B, 02N ot
_ ROOT NIA - PINION ___ROGT NIA - GFAR FILLET RADTUS —=IN MAX  LIMDFR
MIN MAX MIN MAX PINTON TTTTGEATTTTT OBNTOAN TN
4.95400C  4.,974000 16.130030  16,207000 0.N30000 r.030060 (50NN 0,0
BENDING STRESS-PINION-AT HPSTC 1S LESS“”M“>__ ) L o
THAN THE ENDURANCE LIMIT 0OF 182000, PSIT - INFINATE LIFE.
AENDING STRESS-GEAR =AT HPSTC IS LFSS - o =
THAN THE ENDURANCE LIMIT NF 1820C0. ©SI - INFINATE LIFE. — F
BFNDING STRESS ’ - ’
PINTON GE AR -
; _BSTC_ (LPSTC) . _32696,3555 _  BSTC (HPSTC) _  125957.7188 — —_
PP (STD) 68L6E5.4T707 PP (STC)H 94310.6236
PP (OP) 68065,64707 PP (ND) 94310.6230
ESTC (HPSTC) 123R04.72R5 ESTC (LPSTC) 24121.13926
TTTTTBRENDING TSTRES S (AGMAY P = = -
PINION  GFAR
BSTC (LPSTC) 31572.2649 BSTC (HPSTC) 171227.6045
PP (STDS 65725.4014 PP (STD) 90768.95R0
_______eppP_tOoP) _65725,4014 PP _(0OP) ____90768.9580
ESTC (HPSTC) 119548.3613 FSTC (LPSTC) 23793.0264
HOOP STRESS
_PINION GEAR L
79420.0336 10289,5746

OUTPUT SHEET
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STANDARD SPUR GFARS

STANNARD CFNTCR NDISTANCE ) - 3 o y
T T T J
INOGUT DATA SECTINN B ) -
N STD CENTFR * CODF HP RPM DFNSTITY KT KR K4
_DISTANCE _ j - ____PINION _ LB/CU. IN o
E?l .0000CH ~ SHAPFD -C  3755.000N 13820.00/0  A.2330  [.1450 TT1.07AN 100000
BACKLASH ARC TONTH THK -PINTON T ARC TONTH THK -GEAR ’
~MIN T MAX MIN (STH °n)  Max MIN  (STD PN)  MAX
0.0127  N,.G1AN 0.277°00 n.280800 AL227800 (.2 VR00
i _ OUTSINE DIA - GEAR FACE WIDTH - MIN  MAX TIP RREAK
{ MIN i} MAX  PINION AEAR PINITN  GFAR
1 16.929000  16.93400C  2,545000  2.6490000  £,(200 ,0200
; ~____ROGT NIA - GEAR FILLET RADTUS =MIN MAX UNDERCUT k0 KV
_ MIN N MA X PINTON "~ 7 GFAR™ ~ BINTON ~ nFAR )
1 T 1A.1860)0 16.209000 0.N30000  N,0300G0  (L,A0N0 A.ANAA f.0ann 00
- — —_ —
|-AT HPSTC IS LESS - = R - -
1T NF 182000, PSI - INFINATE LIFE. T e -
— — S — — —
~AT HPSTC IS LFSS -~ -
17 NF 1820C0. ©SI - INFINATE LIFE, —_ e
B FNDINSG STRESS - - -
N - I T e
Ei32696.3555 ____BSTC (HPSTC) _ 125957,7188
68U65.4707 PP (STDY 94310.6230 - T T -
68065,4707 PP (OP) 94310.6230 -
12380%.7285  ESTC (LPSTC) 24721.3926 o s e - -
ENDING ST RESS (AGMA) T - — i
. . T GFAR S L T
T 31572.2649 BSTE (HPSTC)  121227.6045 e
65725.4014 PP (STD)  90768.95A80 -
65725.4014 PP (QP) _90768,9580
19548.3613 TESTC (LPSTC) — ~ 23793.0264 - i - ~
RESS R o o
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10289.5746 T ) i
OUTPUT SHEET
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APPENDIX VI

AGMA STANDARD 220, 02

Following is a reprint of "'Tentative AGMA Standard for Rating the Strength of Spur
Gear Teeth, " by permission of V, C. Sears, American Gear Manwfacturers Associa-
tion,

FOREWORD

This standard is for rating thd strength of spur gear teeth. It contains the
following:

BASIC RATING FORMULA

This section enumerates the factors «n wn o affect strength. Numerical
values are presented for those factors which have been evaluated by an-
alytical means, test results or field experience. Suggestions are made for
the factors which are not now capable of being expressed accurately. New
knowledge and more definite measurement of these parameters will con-

tinually necessitate revisions and improvements.

In addition to the above, it is contemplated to publish design practices, such
as AGMA 220.02A, having specific application under the heading of:

DESIGN PRACTICES FOR SPECIALIZED APPLICATIONS

It is recognized that it is sometimes desirable to provide simplified design
practice data applicable to a specialized field of application. These in-
dividual design practices will enable enclosed speed reducer, mill gear,
aircraft or other specialized product designers to record the modifications
and limitacions they wish to use.

Basic data illustrating the coordination of rating for ali types of gears is
contained in Tentative Information Sheet AGMA 225.01, ''Serength of Spur,
Helical, Herringbone and Bevel Gear Teeth.”’.

The firse draft of the revision to this standard was prepared by the committee
in September, 1955. It was approved by the AGMA membership as of April 7,
1963.

Tables or other self-supporting sections may be quoted or extracted in their
entirety. Credit lines should read: ''Extracted from AGMA Standard for Rating
the Strength of Spur Gear Teeth (AGMA 220.02), with the permission of the pub-
lisher, the American Gear Manufacturers Association, One Thomas Circle, Wash-
ington, D. C. 20005°'.

COPYRIGHT, 1964, BY
AMERICAN GEAR MANUFACTURERS ASSOCIATION
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Personnel of
Gear Rating Committee
Technical Division
January, 1964

E. ]J. Wellauer, Chairman, The Falk Corp., Milwaukee, Wis.

D. L. Borden, The Falk Corp., Milwaukee, Wis.

W. Coleman, Gleason Works, Rochester, New York

D. W. Dudley, General Electric Co., West Lynn, Mass.

J. H. Glover, Ford Motor Co., Dearborn, Michigan

I. Koenig, Hewitt-Robins, Inc., Chicago, Illinois

C. F. Schwan, Reliance Electric & Enpineering Co., Cleveland, Ohio
J. C. Straub, Wheelabrator Corp., Mishawaka, Indiana

F. A. Thoma, De Laval Turbine, Inc., Trenton, New Jersey

N. A. Wilson, Morgan Construction Co., Worcester, Mass.

G. L. Scott, AGMA, Washington, D. C.

AGMA Standards and related publications represent minimum or average data,
conditions or application. They are subject to constant improvement, revision or
withdrawal as dictated by experience. Any person wno refers to AGMA technical
publications should satisfy himself that he has the latest iuformation available
from the Association on the subject matier.

260




TENTATIVE
AGMA STANDARD
STRENGTH OF SPUR GEAR TEETH

Basic Rating Formula

1.1 This ctandard presents the fundamental formu-
las for the strength of spur gear teeth. It includes
all of the factors which are known to affect gear
tooth strength. This standard is based on Informa-
tion Sheet AGMA 225.01 and is therefore coordinated
with strength ratings for helical and bevel gears.

1.2 Both pinion and pear teeth must be checked for
bending strength rating to account for differences in
geometry factors, material properties, and numbers
of tooth contact cycles under load.

1.3 Other AGMA standards contain numerical values
to be used to rate gears for specific applications.
These should be consulted when applicable.

1.4 Where no applicable specific AGMA standard is
established, uwumerical values may be c¢stimated for
the factors in the 1.+ .imenta! formula and an ap-

proximate strer - ., G

1.5 The formu
to external gears unless uii-rwise noted.

¢ s reference apply

1.6 The symbols used, wherever applicable, conform
to Standard AGMA 111.03 ''Letter Symbols for Gear
Engineering'’ (ASA BG6.5-1954) and ''Letter Symbols
for Mechanics of Solid Bodies' (ASA Z10.3-1948).

2. Fundameata) Bending Stress Formula

2.1 The basic equation for the bending stress in a
gear is calculated as follows:

W, K, Py KK,

o
S‘ =
K, F J
Where:
5, = calculated tensile bending stress at the

root of the tooth, psi

W, = transmitted tangential load at
operating pitch dia, lbs. (see
Section 4).
Load
K, = overload factor (see Section 9)

K, = dynamic factor (see Section 8)

Size . .
+ = face width, in.

= size factor (see Section 7)

K
Stress
. . jK_ = Load distribution factor (see
Distri- .
Section 6)

bution

Tooth ‘ P, = diametral pitch

J = pgeometry factor (see Section 5)



AGMA STANDARD
STRENGTH OF SPUR GEAR TEETH

2.1.1 Note that the above equation is divided into
three groups of terms, the first of which is concerned
with the load, the second with tooth size, and the
third with scress diseribution.

2.2 The relation of calculated stress to allowable

stress is:
sq K
S‘ é at ML
Kr KT
Where:
S, = allowable bending suess for material,
psi (see Section 13)
5, = calcuiated bending stress, psi (see
paragraph 2.1)
K; = life factor (see Section 11)
Ky = temperature factor (see Section 12)
Kgr = factor of safety (see Section 10)

3. Fundamental Power Formula

3.1 In preparing handbook data, for gear designs
already developed, the follcwing formula can be used
to directly calculate the power which can be trans-
mitted by a given gear set:

np d K, F J sa KL
T 26000 K, K, K,P; KgKg
Where:
P, = allowable power of gear set, hp
np = pinion speed, rpm

—_———

d = operating pitch diameter of pinion, in.

4. Transmitted Tangential Load

4.1 The cransmitted tangential load is calculated
directly from the power transmitted by ihe gear set,
(When operating near a critical speed of the drive, a
careful analysis of conditions must be made.) When
the transmicted load is not uniform, consideration
should be given not only to the peak load and its
anticipated number of cycles, but also to inzermedi-
ate loads and their number of cycles.

4.2 The transmitted tangential load is:

33,000 P 2T 126,000 P
Where:
P = power transmitced, hp
T = pinion torque, lb.in.
v, = pitch line velocity, fpm

3. Geomelry Factce — J

5.1 The geometry factor evaluates the shape of the
tooth, the position at which the most damaging load
is applied, stress concentration due to geometric
shape and the sharing of load.

5.2 See Appendix A for a further discussion of spur
gear geometry factors, and paper AGMA 229.07,
*'Spur and Helical Gear Geometry Factors."

AGMA 220.02 — Jan., 1964
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3.3 Accurate spur gears develop the most critical
stress when load is applied at the highest point of
the tooth where a single pair of teeth is carrying all
the load. Less accurate spur gears, having errors
that prevent two pairs of teeth from sharing the load,
may be stressed most heavily when load is applied
ar the tip. Figures 1A and 1B show the geometry
factor for equal addendum involute spur gears of 20
deg and 25 deg pressure angle. In these curves, it
is assumed that the theoretical stress concentration
factor is not affected seriously by surface finish,

plasticity, residual stresses or other factors.

3.3.1 Table 1 shows the variation in base pitch be-
tween the gear and pinion which determines whether
ot not load sharing exists in 20 degree pressure
angle spur gears.

6. Load Distribution Factor — K_
6.1 The load distribution factor depends upon the
combined effect of:
1. misalignment of axes of rotation
2. lead deviations
3. elastic deflection of shafts, bearings and

housing.

6.2 Figures 2 and 3 illustrate misalignment and its
effect on load distribution.

6.3 Tre effect of different rates of spur gear mis-
alignment is shown in Figure 4.

6.4 When the misalignment is known, use Figure 4
to select K_. F_ represents the face width having
just 100 per cent contact for a given tangential load
and alignment error. Generally F should exceed F.
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6.3 Manufacturers
widths greater than 6 inches generally find it neces-

of precision gears with face

sary to control misalignment by other means than
To handle such
cases, Table 2 shows appropriate values of K _.

allowed rates of misalignment.

6.6 When the estimated or actual misalignment is
not known, the K_ factor may be obtained from
Table 3.

7. Size Factor — K,

7.1 The size factor reflects non-uniformity of ma
It deperds primarily on:

terial properties.

1) toah size;

2) diameter of parts;

3) ratio tooth size to diameter of part;

4) face width;

5) area of stress pattern;

6) ratio of case depth to tooth size;

7) hardenability and heat treatment of macerials.
7.2 The size factor may be taken as unity for most
spur gears provided a proper choice of steel is made

for the size of the parts and the case depth or hard-
ness puttern is adequate.

1.3 Standard size factors for spur gear teeth have
aot yet been established for cases where there is a
detrimental size effect. In such cases a size factor
greater than unity should be used.
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Table 1

Limiting Error in Action lor Steel Spwr Gear

(Vumgon in Base Pitch)

N Allowable Error When Amount of Errar When
10 Teeth Share Load® Teeth Fail to Share Loed**
of
Pinion Load Per In. of Face Load Fer In. of Face
Teeth
5060 1b. | 1,000 Ib.[ 2,000 Ib. | 4,000 Ib.| 8,000 1b.] 500 1b. | 1,000 Ib.| 2,000 Ib. |4,000 Ib. 8,000 Ib.
13 0.0004 | 0.0007 | 0.0014 | 0.0024 | 0.0042 | 0.0006 | 0.0011 | 0.0023 | 0.0039 | 0.0064
20 0.0003 | 0.0006 | 0.0011 | 0.0020 | 0.0036 | 0.0006 | 0.0011 | 0.00623 | 0.0039 | 0.0064
25 0.0002 | 0.0005 | 0.0009 | 0.0017 | 0.0030 | 0.0006 | 0.0011 | 0.0023 | 0.0039 | 0.0064
* Use upper curves on Fig. 1 — highest point of single tooth loading.
*¢* Use lower curve of Fig. 1 — tip loading.
8. Dynamic Factor — K Curve No. 3 — To be used with spur gears fin-

8.1 The dynamic factor depends on:
1) effect of tooth spacing and profile errors.
2) effect of pitch line and rotational speeds.
3) inertia and stiffness of all rotating elements.
4) cransmitted 1oad per inch of face,
5) tooth stiffness.

8.2 Figure 5 shows some of the dynamic factors

that are commonly used.

Curve No. 1 — To be used with high precision
shaved or ground spur gears where the effect ot tne
items listed in paragraph 8.1 are such that no appre-
ciable dynamic load is developed.

Curve No. 2 — To be used with high precision
shaved or ground spur gears when the items listed
in paragraph 8.1 can develop a dynamic load.
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ished by hobbing or shaping.

8.3 When milling cutters are used to cut the teeth or
inaccurate teeth are generated, lower dynamic fac-
tors than shown must be used since the dynamic
factor reflects the effect of inaccuracies in profile,
tooth spacing and runout.

9. Overload Factor — K,

9.1 The overload factor makes allowances for the
roughness or smoothness of operation of both the
driving and driven apparatus. Specific overload

factors can only be established after considerable
field experience is gained in a particular application.

9.2 In determining the overload factor, considera-
tion should be given to the fact that many prime
movers develop momentary overload torques appre-
ciably greater than those determined by the name-
plate ratings of either the prime mover or the driven
apparatus.

9.3 In the absence of specific overload factors, the
values in Table 4 should be used.

AGMA 220,02 — Jan., 1964
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Table 2 Load Distribution Factor for Precision Wide-Face Spwr Gears — Km

Ratio

of —

Contact

Load Diseribution

Factor — Km

1.0

or

less

95% face width contact obtained at 1/3 torque

95% face width contact obtained at full torque

1.4 at 1/3 torque

1.1 ac full torque

75% face width contact obtained at 1/3 torque

95% face width contact obtained at full torque

1.8 at 1/3 torque

1.3 at full torque

35% face width contact obtained at 1/3 torque

95% face width contact obtained at full torque

2.5 at 1/3 torque

1.9 at full torque

20% face width contact obtzined at full torque

75% face width contact obtained at full torque

4.0 at 1/3 torque

2.5 at full torque

Teeth are crowned
35% face width contact ac 1/3 torque

85% face width contact at full torque

2.5 at 1/3 torque

1.7 at full torque

over 1

less

than 2

Calculated combined twist and bending of pinion
not over .001 in. over entire face

Pinion not over 250 Bhn hardness
75% contact obtained at 1/3 torque

95% contact obtained at full torque

2.0 at 1/3 torque

1.4 at full torque

Calculated combined twist and bending of pinion
not over .0007 in. over entire face

Pinion not over 350 Bhn hardness
75% contact obtained at 1/3 torque

95% contact obtained at full torque

2.0 at 1/3 torque

1.4 ac full rorque

30% contact obtained at 1/3 torque

75% contact obtained at full torque

4.0 at 1/3 torjue

3.0 at full torque
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Table 3 Load Distribution Factor — K,

Face Width, in.

Condition of Support 2 in. Face 6in. 9 in. 16 in. Face
and F F and
Under nee ace Over
Accurate mountings, low bearing clearances, minimum
] g s 1.3 1.4 1.5 1.8
elastic deflection, precision gears
Less rigid mountings, less accurate gears, contact L6 L7 1.8 2.0
across full face
Accuracy and mounting such that less than full face
over 2.0

contact exists

Table ¢ Overload Factors® — K

Load on Driven Machine
Power

Source Unif Moderate Heavy

Morm 1 Shock Shock

. ; 1.7
Uniform 1.00 1.25 ot higher

. 0 2.00
Light Shock 1.25 1.5 o higher

. 2.25
Medium Shock 1.50 1.75 o& higher

* Note that this table is for speed decreasing drives
only. For speed increasing drives add

Ne '\’ .
0.01 | —— to the factors in Table 4.

Np
Where:
Np = number of teeth in the pinion
Ng = number of teeth in the gear.

B U —

Ty T
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9.4 Service factors have been established where
field data is available for specific applications.
These service factars include not only the overload
factor, but also the life factor and factor of safety.
Service factars for many applications are listed in
other AGMA Standards, and should be used whenever
available.
place of the overload factor K , use a value of 1.0
for Kg and K.

If a specific service factor is used in

10. Factor of Safety — K

10.1 The factor of safety is introduced in this
equation to offer the designer an opportunity to de-
sign for high reliability or, in some instances, to
design for a calculated risk. Table 5 shows a sug-
gested list of factors of safety to be applied to the
fatigue strength of che material rather than to the
tensile strength.
smaller

For this reason, the values are

much than customarily used in other

branches of machine design.

10.1.1 Failure in the following table does not mean
an immediate failure under applied load, but rather a
shorter life than the minimum specified.

AGMA 220.02 — Jan., 1964




AGMA STANDARD
STRENGTH OF SPUR GEAR TEETH

Table 5 Factors of Safety — K,

Fatigue Strength

Requirements of Application Kp

High Reliability 1.50 or higher

Fewer than 1 failure in 100 1.00

Fewer than 1 failure in 3 0.70

10.2 Table 6 shows safety factors to be applied to
the yield streagth of the material. These values
must be applied to the maximum peak load to which

the gears are subjected.

Table 6 Factors of Safety — Kj

Yield Strength
Requirements of Application Kp
High Reliability 3.00 or higher
Industrial 1.33

11. Life Factor — K;

11.1 The life factor adjusts the allowable loading
for the required number of cycles. Table 7 shows
typical values, for use with the allowable stress
values of Figure 6 or Table 8.

Table 7 Life Factor — K,

267

Number Ku
of
Cvcles 160 250 450 case
y Bhin | Bhn | Bhn | oarb.*
Up to 1,000 1.6 2.4 3.4 2.7
10,000 1.4 1.9 2.4 2.0
A
100,000 1.2 1.4 1.7 1.5
1 million 1.1 1.1 1.2 1.1
10 million
1.0 1.0 1.0 1.0
and over

* case carburized 55-63 R_

12. Temperature Factor — Kp

12.1 When gears operate at oil or gear Llank tem-
peratures nct exceeding 250 degree F, Ky is gen-
erally caken as unity.
necessary to use a Kr value greater than unity for
case carburized gears at a temperature above 160
degree F. One basis of correction is:

In some instances, it is

460 + T,
KT = =
620
Where:
Tr = The peak operating oil temperature in

degrees Fahrenheit.
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13. Allowable Bending Stress —

s

at and say

13.1 An allowable design bending stress for unity
application tactor and 10 million cycles of load
application is determined by field experience, for
each material and condition of that material. This

stress is designated s,,.

13.2 The allowable stress for gear materials varies
considerably with heat treatment, forging or casting
practice,
surface treatments,

material composition, and with various

13.3 Frequently, shot peening permits a higher
allowable stress to be used.

13.4 The allowable fatigue design stress for steel
is shown in Figure 6. These values are suggested
for general design purposes.

13.5 The allowable fatigue design stress for surface
hardened steel and other materials is shown in
Taple 8.

12.6 Use 70 per cent of the s,, values for idler
gears and other gears where the teeth are loaded in
both directions.

13.7 When the gear is subjected to infrequent
momentary high overloads the maximum allowable

268

stress is determined by the allowable yield proper-
ties racher than the fatigue strength of the material.
This seress is designated as s4,+ Figure 7 shows
suggested values for allowable yield strength, for
through hardened steel. In these cases the design
should be checked to make :ertain that the teeth are
not permanently deformed. When yield is the gov-
erning stress, the stress concentration factor is
sometimes considered ineffective.

Table 8 Allowable Fatigue Design Stress — s &t

Material
Macerial Hardness, S gmPSt
min.
Steel
Case Carburized 55 R, 55-55,000
and Hardened
Induction or
Flame Hardened
Hard Root 300 Bhn use values from
Fig. 6
Unhardened —_ 22,000
Root
1'ast [ror
AGMA Grade 20 —_ 5,000
AGMA Grade 30 1’5 Bhn 8,500
AGMA Grade 40 200 Bhn 13,060

AGMA 220.02 — Jan., 1964



o2

WNAN3AAVY QHVANVYLS — YNdS ,02 — SHOLOVY ANLINOIO VI "914

o si2 sa

Q341530 S| HOLIVY AHIINO3IO HIIHM HO4 HL3I3L 40 HIEANNN
08 09 05 S¢ OF GE ok

Pl 1)

HLO0L 40

dil iv¥ d3Mdd¥

'\

ALY

LYAVAY B

HY3ID ONLLVA ..
HL33L 40 43dMNN

WIvH SMNILYHINID

§

H1d30 3IT0HM

LIVINGD HLOOL FBMNIS 40
LNIOd L63HBIH L1V d3104d¥ avo

0001 WNONIOOY HY 3D

000 | WNON3AaY NOINE -

o o [
] L~
= ......_._1..\\...'
- = el
._...._._.._“.1..._._.._..1 .......__.._.1..1..... -
5 ;
1 e
.._\\1
- =
=
o
= £
L=
[=]

2l

ge’

Ge’

it

f — YWOLOVd AMIINO3O
269




SE

o%

WNNAN3AAV QUVANVLS — HNdS oS2 — SHOLOVS

AML3NO39 4t 914

QIYIS3Q S HOLIVY AMLIMOID HIIHM HO4 HLIIIL 40 HIEMNN
@ G2 S 08 09 056k Ov S§ OF v 0z & gl .
||.II_|.|.IHIIII
lln_ll.tlﬂll
o5
HIOOL 40 4dIl 1V J3Nddy Jw0n = S
= = BE
T =
—
—— g
— — s, N
- = il
1 —
] LA E
= o
HY3D SMNILYN NI ..........._____.._1 m
H1331 40 HIEMNN — i ...\__..u__
ol s -
T, ey S
2 T
-]
L] M = i HILld | MOUM ONILLYEINID .
o gz e 5
= e
2 | P P il
m @ os
- 1]
Q LA oLl
Sz 000
x F m
2 m i
23 ng o
2 .
0001 NNON3I0OV Yv3D
0001 NNONZAAY NOINK ——— — — —  — —
|
1
1

f —¥OLOV] AHI3INOIO

270



PINION

GEAR

ALIGNMENT ERROR

FIG.2 EXAMPLE OF A PINION AND GEAR MISALIGNED UNDER
NO LOAD. TEETH CONTACT AT LEFT HAND END

AND ARE OPEN AT RIGHT HAND END.

LOAD

FACE WIDTH-F

FIG.3 LOAD DISTRIBUTION ACROSS FACE WIDTH
FOR VARIOUS CONTACT CONDITIONS
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FORCE - ERROR COEFFICIENT=~ Ce

15,000
14,000
13,000
12,000
11,000
10,000
9,000
8,000
7,000
6,000
5,000

4,000

3,000

2,000 {-

1,000

FIG. 4 SPUR GEAR LOAD DISTRIBUTION FACTOR — Km

W; * TANGENTIAL LOAD -LBS
= ALIGNMENT ERROR INCHES/INCH
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ALLOWABLE STRESS—-1000 PSI

Sat

70

60

50

30

20

120 150 200 250 300 350 400 450

BRINELL HARDNESS
60 75 100 125 150 7S 200 225

APPROXIMATE TENSILE STRENGTH-1000 PSI

FIG. 6 ALLOWABLE FATIGUE STRESS FOR STEEL GEARS—Sg4
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APPENDIX A

SPUR GEAR GEOMETRY FACTOR

Y

J = —

K, my

Vhere:

J = geometry factor
Y = tooth form factor
K, = suess correction factor
my = load sharing ratio

2. Tooth Form Factor — Y

2.1 Y is determined for the most critical position of
load application. This is at the tip of the tooth
when load sharing does not exist and usually at the
highest load position for single tooth contact when
load sharing does exist.

2.2 The Y tactor, which considers both the tangen-
tial (bending) and radial (compressive) components
of the load is calculated as follows:

Y =
cos iy (l.j tan by
cas X !
Where:
¢ = pressure angle

2.3 Use the following procedure to determine Y.

2.3.1 Lay out a generated tooth profile at a scale
of one diametral pitch (P,), as shown in Figures
Al and A2,

2.3.2 Vhen load sharing exists (Fig. Al), lay a
scale tangent to the base circle and locate the posi-
tion where the distance from the intersection point
with the pitch circle to the intersection point with
the profile equals distance z_ — inches (obtained
from Figures A3 or A4). This locates line aa.

2.3.3 When load sharing does not exist (Fig. A2),
draw line aa through point p and tangent to the base
circle. This locates line aa.

2.3.4 Through point f draw line bb perpendicular to
the tooth center line. The included angle between
lines aa and bb is angle p, .

2.3.8 Draw line cde tangent to the tooth fillet
radius (',) at e, intersecting line bb at d and the
tooth center linec at ¢ so that cd = de.

2.3.6 Draw line fe.

2.3.7 Through point e draw a 'ine perpendicular to
fe, intersecting the tooth center line at n.

2.3.8 Through poin: e, draw a line me perpendicular
to the tooth center line.

2.3.9 Measure the following from the tooth layout:

mn = X - inches
me = /2 — inches
angle ¢,

2.3.10 Calculate form factor Y.




APPENDIX

3. Baess Correction Factor — K,

3.1 Stress carrection factor depends oo:
1) effective stress concentration;
2) location of load;
3) plasticity effects;
4) residual stress effects;
5) material composition effects;
6) surface finish:
a) resulting from gear production
b) resulting from service.
7)‘Hertz stress effects;
8) size effect;
9) end of tooth effects.
3.2 The following stress correction factor is that of

Dolan and Broghamer and only includes the effects
of items 1 and 2.

'\ (L
H o+ (-) (_)
1 b
Where:

H, J and L are obtained from Table A-l.
other pressure angles, the values of H, J and L

K/=

For

can be obtained by interpolation and extrapola-
tion.

Table A-1 Vulues for H, J and L

Pressure Angle H J L
1440 0.22 0.20 0.40
200 n.18 0.15 0.45
250 0.14 0.11 0.50

2171

A

b = distance fm measured from the layout
— inches

t

7 = distance me measured from the layout
— inches

’/ = n + rr

Where:

rr = edge radius of tool — inches. For a
cutter with chamfered teeth, take
rr = 0.

by?

'1 = ————

Ro + bl
Where:

R, = the relative radius of curvature of the
pitch circle of the gear and the pitch
line or pitch circle of the generating
tool. For generation by a rack or hob,
R, equals the pitch radius R of the
gear being generated. For generation
by a pinion-shaped cutter, 1/R, =
1/R + 1/R_, where R. is the pitch
radius of the cutter,

by = b-rp

Where:
b = dedendum — inches

3.3 Plasticity reduces the effect of stress concens
tration and is partially measured by the life factor
of Table 7. When more accurate data such as notch
sensitivity values are available, they may be used.

3.4 If more exact values for the stress correction
factor are available, they may be used..

4. Load Sharing Ratio — my

4.1 Load sharing ratio is influenced by profile con-
tact ratio.

4.2 The most critical position of spur gear load
application normally occurs when only one tooth is
in contact,

Therefore, my, = 1.0.



LOAD AT HIGHEST POINT FOR S'NGLE TONTH CONTACT
FIG. A<l TOOTH FORM FACTOR LAYOUT WITH LOAD SHARING

ol

TiP LOADING
FIG. A-2 TOOTH FORM FACTOR LAYOUT WITHOUT LOAD SHARING
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The user of this Standard (AGMA 220.02) may find these
other AGMA Standards of value as reference data:

Number Title

AGMA 110.03 Gear Tooth Wear and Failure........ ..o e
AGMA 112.03 Terms, Definitions, and I1luserations. ... ..................ccccoiiiiiiiiie i
AGMA 115.01 Basic Gear Geometry — Reference Information ...............coccovviiiiiiiinciniiciicicennene
AGMA 201.02 Tooth Proportions for Coarse-Pitch Involute Spur Gears ... ...
AGMA 207.04 20-Degree Involute Fine-Pitch System for Spur and Helical Gears....... ...................
AGMA 208.02 System for Straight Bevel Gears............ ..ot
AGMA 212.02 Surface Durability (Pitting) Formulas for Straight Bevel

and Zero! Bevel Gear Teeth ... . S ——————
AGMA 216.01 Surface Durability (Pitting) Formulas for Spiral Bevel Gear Teeth ...
AGMA 221.02  Strength of Helical and Herringbone Gear Teeth ... .
AGMA 225.01 Strength of Spur, Helical, Herringbone and Bevel Gear Teeth. ...
AGMA 241.02 Gear Materials — Steel ... . ... e
AGMA 244.01 Nodular Iron Gear Materials . . ... .. ... e
AGMA 245.01 Recommended Procedure for Cast Steel Gear Materials ... ...
AGMA 247.01 Recommended Procedwe for Steel, Nitriding, Materials and Process ....................
AGMA 248.01 Recommended Procedure for Induction Hardened Gears and Pinions .........................
AGMA 249.01 Recommended Procedure for Flame Hardening...... ...
AGMA 250.02 Lubrication of Industrial Lnclosed Gearing ...
AGMA 252.01 Mild Extreme Pressure Lubricants for Industrial Enclosed Gearing...........................
AGMA 390.01 Gear Classification Manual for Spur, Helical and Herringbone Gears.......................
AGMA 411.01 Design Procedure for Aircraft Engine and Power Takc-Off.Spur Gears.................

A more complete list of AGMA Standards published by the American Gear
Manufacturers Association is available upon request.
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